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Abstract 
Legionella pneumophila has been known as the causative agent of Legionnaires' 
disease and Pontiac fever. These rod-shaped bacteria are intracellular parasites of 
freshwater protozoa and use a similar mechanism to multiply within mammalian cells. 
They cause respiratory diseases in humans when a susceptible host inhales 
aerosolized water containing the bacteria or aspirates water containing the bacteria. 
Legionella species are widely distributed in freshwater systems in nature at low levels 
but they grow particularly well in some favourable man-made environments such as 
cooling towers of air-conditioning systems or some industrial processes, and potable 
hot water systems in large buildings like hospitals and hotels. Outbreaks of 
Legionella infection are often reported in hospitals and industrial facilities. It is 
important to develop effective measures to control the amount of Legionella in water 
systems. 
Conventional disinfection methods for Legionella included thermal eradication, 
hyperchlorination and ultraviolet irradiation (at 254 nm). All these methods have 
been proven to be effective. However, each has its own disadvantage(s). 
Photocatalytic oxidation (PCO), which is effective for destroying harmful organics in 
both water and air, can be an attractive alternative for bacterial disinfection. The 
critical step in the titanium dioxide (TiCy photocatalyzed oxidation of organic 
compounds is charge carriers (e' and h+) mediated generation of hydroxyl radicals 
(•OH). PCO process is believed to have high potential to be a cost-effective method 
to eradicate Legionella in water. 
In the present study, PCO was proven to be efficacious on the killing of Legionella 
.pneumophila serogroup 1 Strains 977，1009，1014 and ATCC 33153. Sensitivity 
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differences were found between the selected strains, especially between local strains 
(Strain 997，1009 and 1014) and the ATCC one. The optimal physicochemical 
conditions for the most susceptible strains tested (Strain 1014) and the most resistant 
one (ATCC 33153) with initial concentration of lO? cfu/mL were both: 200 mg/L of 
Ti02, 165 |iW/cm^ of UVsesnm, stirring rate of 200 rpm, water depth of 1.5 cm, at 
original pH 5.8, but required 90 and 105 min irradiation respectively to achieved total 
viability removal. 
The killing mechanisms of PCO were investigated by transmission electron 
microscopy (TEM) and it was found that PCO killsh the cells finally by disintegrating 
them. However, before the disintegration, there should be lipid peroxidation of the 
cell wall outer membrane and cytoplasmic membrane, leading to the entry of •OH 
into the cells to oxidize the intracellular components. The cell walls were observed 
to be disrupted later. Fatty acid profile analysis was performed to determine whether 
there were changes of the fatty acid composition in the cell wall outer membrane and 
cytoplasmic membrane. It was found that the amount of the characteristic saturated, 
branched-chain 16-carbon fatty acid decreased in the surviving populations from PCO. 
Relationship between the amount of this fatty acid and the PCO sensitivity of the 
tested strains was also observed. Mineralization (complete oxidation) of cell by 
PCO was proven by total organic carbon (TOC) analysis. All the cellular organic 
compounds were cleared up by PCO mineralization. 
Finally, comparisons of the optimized PCO with UV254nm irradiation and 
hyperchlorination concluded that PCO had its unique advantages over the other two 
methods. 
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摘要 
嗜肺性退伍軍人桿菌已被確認爲弓丨致退伍軍人症及龐提亞克熱的致病原。此種桿 
菌寄生在淡水中的阿米巴變形蟲體內，並以類似的機制在人體內繁殖，當易受感 
染的宿主吸入含有該菌的噴霧或嗆入含菌的水，便會弓丨致呼吸道疾病。少量的退 
伍軍人桿菌普遍存在於自然界淡水中，但該菌在某些適生的人工供水系統內生長 
良好，如工業程序或空調系統的冷卻水塔以及旅館、醫院、工廠或大型建築物的 
食用熱水系統中，而退伍軍人症的感染亦多發生在醫院或工廠內，因此發展有效 
控制該菌水中含量的方法相當重要。 
退伍軍人桿菌的傳統殺菌方法包括高溫根除、加高氯消毒及以紫外光（254 n m ) 
照射。這些方法皆被證實有效，但它們各自存有缺點。光催化氧化作用 
(photocatalytic oxidation)已被證實能有效消滅水中及空氣中的有害有機物’因此 
應爲另一種殺菌的可行方法。在使用氧化鈦（titanium dioxide)對有機化合物進 
行光催化氧化作用中，最重要的步驟是由帶電物（電子及正極孔）促成而產生的 
氫氧根基團（hydroxyl radical)�相信光催化氧化作用極有潛力成爲一種低廉有效 
根除水中退伍軍人桿菌的方法。 
在這個硏究中，光催化氧化作用被證實有效殺死嗜肺性退伍軍人桿菌血清型第一 
型977�1009�1014及ATCC33153品種。另外亦發現本地品種（品種977�1009 
及1 0 1 4 )與A T C C 33153對光催化氧化作用有不同的敏感度。對於測試中最敏 
感的品種（品種1014)及最有抵抗力的品種（品種ATCC 3 3 1 5 3 )在 1 0 7 c f u / m L的 
初量上，最有利的物理及化學條件用作光催化氧化作用均爲:200 mg/L氧化鈦， 
165 laW/cm2紫外光（365 nm)強度’ 200 rpm攪拌速度，1.5 cm穿透水深，在原 
有的pH 5.8値，只是前者只需時90分鐘而後者則需時105分鐘才可達致完全無 
• 菌 � 
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以穿透式電子顯微鏡的方法，得知光催化氧化作用殺菌的方法是最終把細胞分 
解。但在這分解發生前，應已發生了細胞壁外膜及細胞膜的脂肪氧化作用’以致 
氫氧根基團能進入細胞內氧化細胞質。細胞壁稍後亦被摧毀。進行脂肪酸評鑑分 
析以了解細胞壁外膜及細胞膜的脂肪酸成份之改變，發現在光催化氧化作用後生 
還的退伍軍人桿菌內其表徵的飽和支鏈碳十六脂肪酸的數量有所減少。另外，亦 
發現這種脂肪酸的細胞含量與品種對光催化氧化作用的敏感度有關。總有機碳檢 
測證實光催化氧化方法能產生礦化作用，所有細胞的有機化合物均因此而被清 
除。 
最後，將最有利光催化氧化作用與紫外光（254 rnn)照射及加高氯消毒比較，結 
論爲光催化氧化作用擁有它獨特的優點。 
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1. Introduction 
Legionella species have been known to cause Legionnaires' diseases (pneumonic 
legionellosis) and Pontiac fever (severe influenza-like illness) (Kim et al., 2002). 
The bacteria are water-borne and occur naturally in freshwater at low levels but 
become a hazard to humans if conditions allow them to proliferate in factory or 
domestic water systems. Outbreaks of Legionnaires' diseases have been reported in 
hospitals (Sabria & Yu，2002; Stout & Yu, 2003) and industrial facilities (Ishimatsu et 
al.，2001; Moens, 2002), which led to the development of various preventive 
measures. One of the key issues for implementing the measure is the selection of 
disinfectant(s) and optimal conditions for its use. In the present study, 
photocatalytic oxidation (PCO) was used to disinfect Legionella pneumophila in the 
aqueous medium and the process was optimized. The disinfection mechanism(s) 
were also studied in order to facilitate the enhancement of the efficiency of the 
selected method. 
1.1 Legionella pneumophila 
The genus Legionella was established in 1979 after a large outbreak of pneumonia 
among members of the American Legion that had occurred in 1976 in Philadelphia 
and was traced to a previously unrecognized bacterium, Legionella pneumophila 
(Fields et al.’ 2002). In fact, members of the genus had been isolated by inoculation 
of guinea pigs and characterized as ''Rickettsia-like organisms" in 1943 (Fraser et al., 
1977; Brenner et al,, 1979). As the only genus in the family, the definition of 
Legionella is identical to that of Legionellaceae. 
‘ 1 
1.1.1 Bacterial morphology and ultrastructure 
Legionella bacteria (Plate 1.1) are Gram-negative non-spore-forming and 
non-capsulated bacilli (rods) that generally measure 0.3-0.9 i^m by 1.5 to 6 i^m in 
clinical specimens but may become filamentous in culture, depending on stage of 
growth and type of medium employed (Winn, 1999). The cells are not encapsulated. 
The cell wall has been characterized and consists of an outer membrane, a thin 
peptidoglycan layer and a cytoplasmic membrane, and the total cellular fatty acid 
content of legionellae has been found to contain a high proportion of branched-chain 
fatty acids (Brenner et al.，1979). The branched-chain fatty acid i-16:0 (i, 
branched-chain with methyl group located at the iso carbon atom; the number on the 
left of the colon is the number of carbon atoms while the number on the right of the 
colon is the number of double bonds) was the predominant feature with 33% 
abundance followed by unsaturated straight-chain acid 16:1 (Ehret et al., 1987). 
One, two or occasionally more flagella occur per cell. The flagella are curved or 
straight and have polar or lateral arrangement (Brenner et al., 1979). However, the 
expression of flagella is inconsistent and may be temperature dependent (Winn, 
1999). 
L pneumophila is non-acid-fast, aerobic (but stimulated by 5% CO2) and it does not 
hydrolyse gelatin or produce urease and is non-fermentative. It is neither 
pigmented nor does it autofluoresce. It is both oxidase- and catalase-positive, and it 
also produces beta-lactamase (Brenner et al.’ 1979). Other major characteristics are 
summarized in Table 1.1. 
‘ 2 
Table 1.1 Characteristics of the genus Legionella (Winn, 1999). 
Faintly staining, thin, gram-negative, non-spore-forming bacilli 
Requirement for L-cysteine on primary isolation 
Mottled, cut-glass colonies on BCYE« agar under low magnification (dissecting 
microscope) 
Growth stimulation by iron compounds 
Utilization of amino acids for growth 
Nonutilization of carbohydrate for growth 
High concentrations of branched-chain fatty acids 
B S S H - 麵 ： 
(B) 
J 
Plate 1.1 Legionella pneumophila: (A) colony morphology; (B) under transmission 
electron microscope (TEM) (Brenner et al.’ 1979; Winn, 1999). 
‘ 3 
1.1.2 Microbial ecology and natural habitats 
Legionella are commonly found in natural freshwater environments and also 
man-made water systems, where warm waters (25-42°C) facilitate the growth of 
Legionella cells (Department of Health and Mental Hygiene of the State of Maryland, 
2000; Ng & Chung，2003). Several reports have shown a clear association between 
the presence of Legionella in hot water systems and the occurrence of legionellosis 
(Aurell et al, 2004). Therefore, water systems such as industrial cooling towers 
(Ishimatsu et al., 2001)，hospital hot-water distribution systems (Liu et al” 1995; Lin 
et al., 1998)，shower, spa (Leoni et al” 2001) and hot spring water (Ohno et al., 2003) 
have been attributed to be the source of the bacteria. The potable sources may also 
be easily recognized as drinking facilities, such as taps (Ohno et al., 2003), or less 
obvious distribution sites, such as showerhead (Lye et al” 1997) and public fountains 
(Ng & Chung，2003). A variety of Legionella spp.，including L pneumophila, L 
micdadeU and, most predominantly, L longbeachae serogroup 1，have been isolated 
from potting soil stored at room temperature for 7 months but not from soil that had 
thoroughly dried out (Winn, 1999). 
Apart from the aquatic environment and the warm water temperature, the presence of 
nutritional factors can also increase the multiplication of the bacteria. However, 
these nutrients represent an intracellular environment, not soluble nutrients 
commonly found in freshwater since the levels of nutrients that legionellae require 
are rarely found in freshwater and, even if present, would only serve to benefit other 
faster-growing bacterial competitors (Fields et al., 2002). The bacteria are 
favoured by the presence of simple organic life such as algae and microorganisms in 
sludge, scale, biofilm, inorganic substances such as nitrogen-based substances, small 
amount of iron and zinc in freshwater piping systems, and organic substances such as 
‘ 4 
certain types of rubber as nutrition for survival (Electrical and Mechanical Services 
Department of Hong Kong, 1994). 
1.1.2.1 Association with amoeba 
Amoeba and ciliated protozoa are promoters for the growth of Legionella. Protozoa 
provide a parasitic condition for multiplication of Legionella (Fields et al.’ 2002; 
Kim et al., 2002). Legionella spp. multiply intracellularly within amoebae by a 
similar way to that inside human monocytes and macrophages. Some nonculturable 
strains of Legionella spp. in environmental samples may be detected by coincubation 
with amoebae (Winn, 1999). It was demonstrated that the growth-promoting 
activity of tap water was eliminated by filtration through a 1 jim-pore-size membrane 
filter which removed the amoebae but not the free-living bacteria (Winn, 1999). 
For this reason, protozoa in the natural environments were implicated as sources of 
Legionnaires' disease. 
1.2.2.2 Association with biofilm 
Like other water-borne bacteria, Legionella are found in biofilms. The bacteria are 
more easily detected from swab samples of biofilm than from flowing water and this 
suggests that the majority of the legionellae are biofilm associated (Mietzner et al., 
2002). Biofilm matrices are known to provide shelter and a gradient of nutrients. 
The complex nutrients available with biofilms have led some researchers to propose 
that the biofilms can support the legionellae to survive and multiply extracellularly 
(Rogers & Keevil, 1992). However, additional studies are needed to determine if 
this hypothesis is valid. Legionella appears to be insensitive to pH but the bacteria 
can hardly survive in salt water and well-chlorinated domestic water supplies 
(Electrical and Mechanical Services Department of Hong Kong, 1994). 
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1.2 Legionnaires' disease and clinical significance 
1.2.1 Epidemiology 
Since routine environmental monitoring for Legionella is not a common practice, the 
occurrence of these bacteria is often indicated by outbreaks or sporadic cases of 
legionellosis (i.e., any disease caused by Legionella). 
1.2.1.1 Worldwide distribution 
Legionnaires' disease (LD) has a worldwide distribution and cases have been 
reported in North and South America, Asia, Australia, New Zealand, Europe, and 
Africa (Edelstein, 1988). The Centers for Disease Control and Prevention (CDC) 
estimates that 8,000 to 18,000 cases of LD are reported in the United States each year 
but most cases are not reported (Marston et al’ 1997; Rathore & Alvarez, 2002). 
However, there has been a general increasing trend in the number of cases reported 
each year due to improvements in diagnosis. This disease usually (about 80%) 
occurs as sporadic (i.e., as a single, isolated case) throughout the year while 
outbreaks are more likely to occur in the summer and early fall (Bentham & 
Broadbent, 1993; Rathore & Alvarez，2002). Among all cases of outbreaks, about 
25% are hospital-acquired (nosocomial) infections and others are 
community-acquired or travel-related (Mietzner et al” 2002). 
The mortality rates of LD ranges from 5 to 80% depending on the presence of certain 
risk factors (discussed in later section). Also, nosocomial cases (40%) have a 
higher mortality rate than community-acquired cases (20%) (Department of Health 
and Mental Hygiene of the State of Maryland, 2000). 
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1.2.1.2 Local situation 
In Hong Kong, LD has become a statutorily notifiable disease since March 1994 
under the Quarantine and Prevention of Disease Ordinance (Cap. 14-1) (Electrical 
and Mechanical Services Department of Hong Kong, 1994). During 1994-2002, a 
total of 19 cases were notified to the Department of Heath. The annual notification 
rate remained relatively low, ranging from 0.02 to 0.06 per 100,000 population. Of 
the 19 cases, 17 were locally acquired while the other two were travel-related. Only 
1 fatal case was reported (in 1994) till now, giving an average mortality rate of 5% 
(Ng & Chung，2003). In recent years (2002-2004), the number of cases maintained 
at 2 to 4 each year. All of the cases were sporadic with no evidence of 
epidemiological linkage (Ng & Chung, 2003). 
1.2.2 Clinical presentation 
Legionella infections can be classified into four categories: (i) subclinical infection, 
(ii) non-pneumonic disease (also known as Pontiac fever), (iii) pneumonia, and (iv) 
extrapulmonary inflammatory disease. However, legionellosis is a general term 
more commonly used to include the Legionnaires' disease (a severe multisystem 
disease involving pneumonia) and Pontiac fever (a self-limited flu-like illness) 
(Glick et al., 1978). The 1976 Philadelphia epidemic was referred to as 
Legionnaires' disease. 
Subclinical infection can be deduced from the frequent worldwide occurrence of 
antibodies to Legionella spp. in the absence of recognized episodes of pneumonia 
(Winn, 1999). Pontiac fever is often undiagnosed and a generally mild and 
self-limiting upper respiratory infection, with the absence of pulmonary infiltrates on 
chest radiographs (Girod et al.’ 1982). Prominent symptoms include fever, malaise 
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(feeling tired and uneasy), myalgias (muscle pain) and cough, a non-specific flu-like 
syndrome (Winn, 1999). Pneumonia is the most frequent expression of Legionella 
infection. Legionnaires' disease typically appears as severe pneumonia, with 
symptoms of high fever, rigors (chill with shivering), malaise, myalgias, headache, 
non-productive cough, dyspnea (breathlessness), chest pain, diarrhea and delirium 
(neurological confusion) (Tsai et al., 1979). Although no chest X-ray pattern can 
separate this infection from other types of pneumonia, alveolar infiltrates are more 
common with Legionnaires' disease (Macfarlane et al” 1984). The incubation 
period of Legionnaires' disease is 2 to 10 days while that for Pontiac fever is 
generally a few hours to 2 days. 
Among all the Legionella spp.，L. pneumophila causes accounts for approximately 
90% of the infections in the United States, with illness most frequently associated 
with serogroups 1，4 and 6 (Reingold et al.，1984) and 70-90% of all 
culture-confirmed or urine antigen-confirmed cases are caused by L. pneumophila 
serogroup 1 (Marston et al., 1994; Benin et al” 2002). 
1.2.3 Route of infection and pathogenesis 
As mentioned above, legionellae are intracellular parasites of freshwater protozoa 
and use a similar mechanism to multiply within mammalian cells, causing the 
respiratory disease in humans. Transmission of the bacteria to the human bodies 
occurs mainly by inhalation of aerosolized water containing the bacteria or aspiration 
of water contaminated with the bacteria. Wounds may also become infected 
through contact with contaminated water (Rathore & Alvarez, 2002). 
The major feature of the pathogenesis of legionellae is their ability to multiply 
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intracellularly. The life cycle of legionellae has been characterized in both 
protozoa and mammalian cells and there are noticeable similarities in the process by 
which legionellae infect protozoa and mammalian phagocytic cells (Fields et a!.’ 
2002). Current understanding of the infectious cycle is mainly based on 
observation under transmission and scanning electron microscope and under 
fluorescent microscope after labelling various bacterial and host cell components. 
Horwitz and associates found in the 1980s the bacteria enter the cells by coiling 
phagocytosis (Horwitz & Silverstein，1980; Horwitz, 1983; Horwitz & Maxfield, 
1984) in which a pseudopod coils around the bacterium. Subsequently, studies have 
also determined that L. pneumophila can enter host cells by conventional 
phagocytosis (Cirillo et al” 1999). Once phagocytized, the bacteria reside within a 
unique membrane-bound phagolysosome that does not follow the endosomal 
pathway to fuse with lysosomes or become highly acidic (Horwitz & Silverstein， 
1980; Horwitz, 1983; Horwitz & Maxfield, 1984). This phagolysosome then 
becomes a vesicle, in which the bacteria multiply within the host cell endoplasmic 
reticulum (Detilleux et al” 1990). There are two growth phases described for L 
pneumophila: the multiplicative form is nonmotile with a rumpled wall and little or 
no 6-hydroxybutyrate; while the nonmultiplicative or infectious form is smaller, with 
smooth walls, and contain numerous fi-hydroxybutyrate inclusions (Fields et al.’ 
2002). Finally, the pathogenic bacteria kill the host cell by apoptosis and necrosis 
mediated by pore-forming activity, so that they can infect other new macrophages 
and alveolar epithelial cells (Hagele & Brand，1998; Gao & Kwaik，1999). 
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1.2.4 Diagnosis 
Legionnaires' disease has been described as a disease that is overtreated and 
underdiagnosed (Bartlett, 1993). One study in the United States suggested that only 
3% of sporadic cases of Legionnaires' disease were correctly diagnosed (Marston et 
al” 1997). Laboratory tests in the diagnosis oi Legionella infection are summarized 
in Table 1.2. 
Laboratory diagnosis of Legionnaires' disease can be made by culturing the bacteria 
from respiratory tract specimens, visualization of the microorganism by direct 
immunofluorescence assay (Direct fluorescent antibody (DFA) staining) with 
polyclonal or monoclonal antibodies, detection of Legionella antigen in urine, or 
demonstration of seroconversion. Culture is the most sensitive and specific method, 
followed by urinary antigen test, DFA, and serology. 
1.2.4.1 Culture of Legionella 
The classic triad of diagnostic approaches is available for the diagnosis of Legionella 
infections; isolation of the bacteria in culture, direct detection of bacterial antigens or 
nucleic acids in clinical specimens, and documentation of a serological response to 
the bacteria. The overwhelmingly preferred diagnostic method is culture as it 
detects all species and serogroups (Winn, 1999; Fields et al.’ 2002). The sensitivity 
of culture is comparable to that of other methods and the specificity is 100%, a 
significant advantage when the prevalence of disease in the test population is low. 
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Table 1.2 Laboratory methods for clinical diagnosis of Legionella infection 
(Modified from Winn, 1999; Department of Health and Mental Hygiene of the State 
of Maryland, 2000; Fields et al., 2002). 
Technique Description Sensitivity Specificity Processing Disadvantages 
time 
Culture Growing of bacterium 70-80% 100% 3-5 days Requires laboratory technicians 
from clinical sample, who have specialized training 
such as sputum, on and expertise 
specialized culture 
media 
Urinary Screening of urine 70-90% 95-100% within Will only diagnose infections 
antigen test sample for the presence hours with L. pneumophila serogroup 
of specific Legionella 1 
antigen (cell markers) 
Direct Visual screening of 20-80% 95-100% within Easy to miss bacterium on 
fluorescent sputum or other sample hours microscope slide; results 
antibody from lung for Legionella difficult to interpret; requires 
(DFA) stain bacteria; screening is laboratory technicians who have 
of sputum or done under a UV specialized training and 
other sample microscope, using expertise 
from lung fluorescently-tagged 
antibodies to "light up" 
bacteria 
Antibody Screening of blood 40-80% 95-100% 2-8 weeks Sensitivity is low; for optimal 
testing sample for antibodies to results, requires collection of 
(serology) Legionella', generally second blood sample 
requires comparison of 
results from two 
samples, one collected 
during acute illness and 
the other 2-8 weeks later 
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The primary standard for isolation of Legionella spp. from clinical specimens is 
buffered charcoal-yeast extract with oc-ketoglutarate (BCYEa) agar (Feeley et al, 
1979). Yeast extract is included as a rich source of nutrients including amino acids. 
Legionella spp. are sensitive to relatively low levels of hydrogen peroxide and 
superoxide radicals, which are produced in the medium, especially after exposure to 
light. Various species of Legionella of concentration lO"^  cells/mL exhibited 
sensitivity to 26.5 |iM of hydrogen peroxide and a level of > 50 \iM was in excess of 
the tolerance by L. pneumophila, which contained no measurable catalase activity 
(Hoffman et al” 1983). Activated charcoal should be added to serve as a scavenger 
of these toxic compounds and prevent light-accelerate autooxidation of cysteine. 
L-cysteine，iron compounds and a-ketoglutarate are added to stimulate growth. 
When specimens from nonsterile sources are cultured, selective media (by adding 
glycine and antimicrobial agents) or pretreatments (with acid buffer with pH 2.2) 
should be used to inhibit other bacteria. Culture requires the use of selective and 
non-selective media and these media can be prepared with or without indicator dyes, 
which show a colour specific for certain species of Legionella (Vickers et al., 1981). 
Although the bacterium is aerobic, carbon dioxide (CO2) at about 5% stimulates the 
growth of some species. However, higher concentration may be inhibitory. 
Colony morphology can be examined after incubation at 37°C for 3 days. Young 
colonies can be detected perhaps 12 to 24 h earlier if a dissecting microscope is used 
for examination. The colonies of L pneumophila are white in colour, circular in 
shape, raised with an entire edge, glistening and smooth in texture, and have a size of 
diameter l-2mm and increase in size on further incubation. When examined under 
a light microscope, the colonies should have a cut-glass appearance. Colonies of all 
Legionella spp. exhibit the same general appearance but they may differ in colour 
(Winn, 1999). 
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The BMPAa medium which contains polymyxin, anisomycin and cefamandole is a 
semi-selective medium recommended for the isolation of L. pneumophila from 
clinical and environmental specimens (Edelstein, 1981). Colonies suspected of 
being Legionella are sub-cultured to Tryptone Soya Agar containing 5% sheep blood 
and BCYEa agar. Isolates that grow on BCYEa agar but fail to grow on TSA blood 
agar and have the characteristic morphology are presumed to be Legionella but 
confirmation must be made by biochemical and serological tests (Vesey et al” 1988). 
1.2.4.2 Direct fluorescent antibody (DFA) staining 
Direct fluorescence antibody (DFA) staining is a rapid test that can be performed on 
respiratory samples and tissues and requires only 2-4 hours for results. Both 
monoclonal and polyvalent antibodies can be used to react with the outer membrane 
protein of the target bacteria. DFA using a monoclonal antibody is highly specific 
(>950/0). However, DFA test has relatively low sensitivity (20-80%) as it relies on 
actual visual identification of fluorescing Legionella bacteria in a sample under the 
fluorescent microscope. Sensitivity depends on the specimen quality, the number of 
organisms present, and the experience of the technician. It is not recommended for 
routine use and reagents are available for limited species and serogroups (Fields et 
al.，2002). 
1.2.4.3 Serologic tests 
Serology is also known as indirect immunofluorescence (IFA). Serologic assays are 
not helpful in clinical decision making but are valuable for epidemiologic studies. 
Confirmation of legionellosis requires a comparison of Legionella antibody levels in 
two blood samples, one drawn at the time of acute illness before antibodies have 
developed and a second drawn anywhere from 2-8 weeks later when antibodies 
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should be detectable. A 4-fold or greater rise in antibody titer in paired acute and 
convalescent IFA tests obtained 2-8 weeks apart is defined to be LD-positive 
(Department of Health and Mental Hygiene of the State of Maryland, 2000; Fields et 
al, 2002). Serologic diagnosis of LD was once the most frequently used test. 
However, the need for collection of the second blood sample from patient weeks 
after he or she recovered from an illness (and been discharged from an acute care 
facility) is difficult and more importantly, even if results are positive, they do not 
provide assistance in managing an acute case. 
1.2.4.4 Urine antigen testing 
The Legionella urine antigen test, available commercially as an enzyme-linked 
immunosorbent assay (EUSA) and a radioimmunoassay (RIA) (Berdal et al, 1979)， 
is a rapid (within hours) and relatively inexpensive practical test for the detection of 
L. pneumophila antigen excreted in the urine (Winn, 1999). The test allows earlier 
diagnosis, which in turn allows more appropriate antimicrobial therapy and improves 
the outcome of Legionnaires' disease. The antigen detected is a component of the 
lipopolysaccharide portion of the Legionella cell wall and is heat stable (Kohler et al.’ 
1981; Williams & Lever，1995). Antigens are generally detectable in urine within a 
few days of illness onset. The sensitivity of the test improves if urine samples are 
concentrated by ultrafiltration and are obtained within a week of the onset of 
pneumonia. Tests results may remain positive for several weeks even after 
appropriate antibiotic therapy (Kohler et al” 1984). Urine antigen testing has 
70-90% sensitivity (Winn, 1999; Ng & Chung，2003)，and approaches 100% 
specificity as it detects only L pneumophila serogroup 1 (Department of Health and 
Mental Hygiene of the State of Maryland, 2000). However, since this serogroup is 
responsible for the majority of Legionnaires' disease，the test is recommended as the 
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early diagnosis of the disease (Kashuba & Ballow，1996). 
1.2.4.5 Detection of Legionella nucleic acid 
Various polymerase chain reaction (PGR) tests have been developed for legionellae 
target either random DNA sequences for L. pneumophila, the 5S rRNA gene, the 16S 
rRNA gene or the mip gene (Fields et al., 2002). PGR assay can be used to detect 
Legionella DNA in urine, bronchoalveolar lavage (BAL) fluid and serum samples 
though the test is not widely available (Fields et al.’ 2002). Since most rapid tests 
only detect infections due to L pneumophila serogroup 1, an accurate PGR test 
would greatly enhance the ability to diagnose these infections since it has the 
potential to detect infections caused by all of the known species of Legionella. A 
very limited number of .laboratories test for legionellae by PGR at this time. The 
assay appeared highly specific but is less sensitive than the culture method in adults; 
while published studies of Legionella diagnosis using PGR assays in children are 
limited (Rathore & Alvarez，2002) as there is a very limited number of laboratories 
test for legionellae by PGR at this time. 
1.2.5 Risk factors 
The general population (healthy individuals) is fairly resistant to infection. People 
of any age may acquire Legionnaires' disease but males in the older age group, 
particularly those who smoke cigarette or have chronic lung disease have a higher 
risk. Also, for those whose immune system is suppressed by disease such as cancer, 
kidney failure requiring dialysis, diabetes or AIDS and those take drugs that suppress 
the immune system, showed a higher risk to the Legionnaires' disease (Electrical and 
Mechanical Services Department of Hong Kong, 1994; Ng & Chung, 2003). 
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1.2.6 Treatment for Legionella infection 
Patients with Legionnaires' disease require initial hospitalization for intravenous 
antibiotic administration. Until beginning to demonstrate steady improvement, they 
can be switched to oral antibiotic administration. Erythromycin is the antibiotic 
currently recommended for treating patients with Legionnaires' disease (Fields et al., 
2002). However, in-vitro data suggested that azithromycin and many 
fluoroquinolone agents have superior activity against Legionella spp. and these 
agents have fewer side effects for the treatment of Legionnaires' disease and are 
considered preferable to erythromycin. In severe cases, rifampin may be used in 
addition but there is still a debate on whether it provides additional benefit (Edelstein, 
1998; Stout & Yu, 1997) and it is not recommended by the Infectious Disease Society 
of America (Bartlett et al•，2000). Patients with Legionnaires' disease do not 
require contact or respiratory isolation as person-to-person transmission has never 
been demonstrated (Rathore & Alvarez, 2002). On the other hand, Pontiac fever 
usually requires no hospitalization or specific treatment. 
1.3 Detection of Legionella in environment 
Examination of water samples for the presence of legionellae has frequently been 
undertaken using direct immunofluorescence methods. However, isolation by 
culture is still the most widely accepted method of demonstrating the presence of 
legionellae and is of particular value in epidemiological studies (Winn, 1999; Fields 
et al.，2002). 
Environmental samples should be collected by swabbing areas where water flows 
(such as faucets and shower heads). The specimen should be concentrated by 
filtration, treated with an acid buffer to enhance Legionella recovery, and cultured on 
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a selective buffered charcoal yeast extract (BCYE) agar medium. GVPC selective 
supplement, containing glycine, vancomycin and polymixin (to inhibit most 
Gram-positive and Gram-negative bacterial growth) as well as cycloheximide (to 
suppress the growth of fungi), is added for isolating L. pneumophila in 
environmental water samples. Acid and heat treatment are used to enhance 
recovery. This formulation is specified by the British Standard (BSI) for the 
detection and enumeration of legionellae in water and related materials (BSI 
Document 89/53406，1989). 
A study carried out to evaluate the prevalence of Legionella bacteria in water from 
the pools and showers of 12 swimming pools in the city of Bologna (Italy) showed 
that 19 out of the 48 samples were positive for L pneumophila with concentrations 
ranged from 10-19,250 colony forming unit (cfu)/L (Leoni et al” 2001). In another . 
paper, an industrial cooling tower in Japan was found contaminated with L 
pneumophila at a level of 1.2x10^ cfu/lOOmL (Ishimatsu et al., 2001). 
1.4 Disinfection methods 
Sterilization is the destruction of all forms of microbial life (including endospores) 
which is usually done by steam under pressure or a sterilizing gas such as ethylene 
oxide while disinfection refers to the destruction of vegetative pathogens which may 
make use of physical or chemical method(s). 
The LDso for guinea pigs exposed to L pneumophila by the aerosol route is 
somewhat less than 10^ cells (Baskerville, 1984; Huebner et al” 1984). According 
to the Australian Standard AS/NZS 3666, Air-Handling and Water Systems of 
Buildings-Microbial Control stated that the concentration o山gionella present at a 
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level exceeding 1,000 cfu/mL is a high risk level and requires immediate 
decontamination. A level of 10 to 100 cfu/mL is commonly found and although 
some remedial actions are indicated, it can often be regarded as insignificant so long 
as proper maintenance practices are being carried out (Australian Standard AS/NZS 
3666，1995). 
Legionella are relatively resistant to standard water disinfection procedures and can 
occur in potable water. USEPA does not set a Maximum Contaminant Level (MCL) 
for Legionella but they believe that if Giardia (99.9% removal/inactivation) and 
viruses (99.99% removal/inactivation) are removed/inactivated, Legionella will also 
be controlled (USEPA National Primary Drinking Water Regulations, 2002). 
However, USEPA has established a Maximum Contaminant Level Goal (MCLG) of 
zero microorganisms for drinking water. MCLG is a non-enforceable guideline 
based solely on an evaluation of possible health risks, taking into consideration a 
margin for public safety (USEPA National Primary Drinking Water Regulations, 
2002). 
In 1997, the Hospital Infection Control Practices Advisory Committee of the Centres 
for Disease Control and Prevention (CDC) recommended only 2 disinfection 
modalities for controlling Legionella in hospital water systems: thermal eradication 
(superheating the water to 65°C and flushing outlets) or hyperchlorination (1 to 2 
mg/L) (Centres for Disease Control and Prevention, 1997). 
Despite the small number of reported Legionnaires' disease cases in Hong Kong, the 
need of effective protection of the community from this deadly disease called for the 
establishment of the Prevention of Legionnaires' Disease Committee under the 
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Electrical and Mechanical Services Department in 1985 to formulate strategies in the 
prevention and management of the possible outbreak of Legionnaires' disease 
(Electrical and Mechanical Services Department of Hong Kong, 1994). The 
committee first published in 1994 a Code of Practice for the Prevention of 
Legionnaires' disease, providing useful information for the proper design, operation 
and maintenance of related facilities (Electrical and Mechanical Services Department 
of Hong Kong, 1994). 
One of the important issues for developing preventive measures against Legionella 
infection is to select a cost-effective disinfection method(s) and associated 
disinfectants for various water systems along with optimum operating conditions. 
There are a variety of disinfection methods involving physical, thermal and chemical 
principles. 
1.4.1 Physical methods 
1.4.1.1 Filtration 
Membrane filtration is the passage of a liquid or a gas through a screen-like material 
with pores small enough to retain microorganisms. This method is not widely used 
in water disinfection since it only separates out the bacteria and for those pathogenic 
ones, further proper disinfection treatment is required for the filter. It is more 
commonly applied to sterilize heat-sensitive materials such as some culture media, 
enzymes, vaccines and antibiotic solutions. Filters are now available with pores as 
small as 0.01 ^m which can retain viruses and even some large protein molecules. 
Filtration of amoeba and scaling should help removing Legionella as they support the 
growth of the bacteria (Madigan et al, 2003). 
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1.4.1.2 UV-C irradiation 
Short-wavelength ultra-violet (UV) is known to have biocidal effects with a 
maximum kill at 254 nm (UV-C) as this wavelength is specially absorbed by cellular 
DNA. It acts by damaging the DNA of exposed cells by causing bonds to form 
between adjacent thymines in DNA chains. These thymine dimers inhibit correct 
replication of the DNA during reproduction of the cell (Mass, 1990; Liu et al.’ 1995). 
As this method leaves no residual to provide protection against potential downstream 
contamination, it has not been commonly used in drinking water disinfection. 
However, it has been widely used in wastewater treatment because it is desirable to 
have no residual which causes no adverse impacts on aquatic lives. Besides, UV-C 
radiation is also used to control microbes in the air. A UV or "germicidal" lamp is 
commonly found in hospital rooms, nurseries, operating rooms, and cafeterias. UV 
is also used to disinfect vaccines and other medical products. 
Using a model plumbing system with continuous UV-C irradiation at 30,000 
i^W-s/cm2，Muraca and associates observed a 5-log (i.e., 99.999%) decrease of L. 
pneumophila in 20 min but no further inactivation could be obtained (Muraca et al, 
1987). 
A major disadvantage of UV-C light as a disinfectant is that the radiation is not very 
penetrating, thus the microorganisms to be killed must be directly exposed to the 
light rays. Another potential problem is that UV-C can damage human eyes, and 
that prolonged exposure can cause skin bums and cancer in humans. Also, it leaves 
no residual disinfection activities in the distribution system (Kim et al” 2002). 
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1.4.1.3 Thermal eradication (superheat-and-flush) 
Increasing the water temperature was the first method to be used in controlling 
Legionella in hospital water systems. Water temperature greater than 60°C are 
inhibitory to Legionella. The basic method is to increase the hot water temperature 
up to 70°C followed by flushing of the water outlets for a minimum of 30 min to kill 
Legionella colonized (Department of Health and Mental Hygiene of the State of 
Maryland, 2000). 
The superheat and flush method has been effective but is very labor-intensive and 
should only be used to abort an outbreak, since recolonization could easily recur 
following the superheat and flush. Also, scalding can occur (Lin et al.’ 1998). 
1.4.2 Chemical methods 
1.4.2.1 Chlorination 
Chemical oxidizing agents such as halogens (chlorine, bromine, and iodine), chlorine 
dioxide, chloramines, ozone, hydrogen peroxide, and potassium permanganate play a 
vital role in the disinfection of water and wastewater. Chlorine is the most widely 
used disinfectant but Legionella were found to be much more resistant to chlorine 
than Escherichia coli and other coliforms that have been used as the indicator 
organisms to monitor portable water quality (Kuchta et al., 1993). To continuously 
control L pneumophila, 2-6 mg/L of chlorine, which is much higher than typical 
chlorine concentration in domestic portable water (< 1 mg/L), are needed (Lin et al., 
1998). McCall et al. (1999) reported that a greater than 4-log reduction of naturally 
grown Legionella bacteria, both planktonic and biofilm, was observed in less than 1 
h with a single dose at 2 mg/L in a model plumbing system. Shock 
hyperchlorination is another approach used. It is done by a pulse injection of 20-50 
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mg/L of chlorine in water and then water is drained and mixed with incoming water 
so that residual level returns back to normal concentration of 0.5-1 mg/L (Lin et al, 
1998). 
Hyperchlorination is a systemic disinfection modality that provides a residual 
disinfectant concentration throughout the entire water distribution system so as to 
minimize recolonization. However, hyperchlorination is proved ineffective for the 
long term control of Legionella as it only suppresses rather than kills the bacteria 
(Hamilton et al., 1996), and it causes corrosion of the plumbing system. Also, 
chlorination generates carcinogenic by-products and chlorine has high toxicity (Sun 
et al., 2003;Ashbolt, 2004). 
Newer methods including monochloramine and chlorine dioxide are undergoing 
evaluation, although disadvantages preclude immediate application. 
1.4.2.2 Copper-silver ionization 
Heavy metal ions such as copper, silver and zinc ions are well-known as bactericidal 
agents. Since the ions are positively charged, they form electrostatic bonds with 
negatively charged sites on the bacterial cell wall. These bondings create stresses 
‘ leading to distorted cell wall permeability. This action coupled with protein 
denaturation, leading to cell lysis and death (Lin et al.，1996). 
Copper/silver (Cu^^/ Ag+) ionization has been shown to be effective for controlling 
Legionella in hospital hot water systems using 0.2-0.4 mg/L of copper and 0.02-0.04 
mg/L of Ag+ (Liu et al.’ 1994; Stout et al., 2003). Copper and silver are generated 
electrolytically and introduced into the recirculating hot water. 
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Copper/silver ionization units have now been shown to be efficacious and 
cost-effective based on a four-step criteria proposed by Stout and Yu (2003). The 
efficicacy of copper/silver ionization is not affected by higher water temperature, 
unlike chlorine and UV. Copper/silver ions are added only into hospital hot water 
recirculating lines such that consumption by human beings is limited, unlike 
hyperchlorination. USEPA has set the Maximum Contaminant Level Goal (MCLG) 
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for portable water of 1.3 mg/L for Cu and the life-time health advisory level of 0.1 
mg/L for Ag+ (USEPA, 2000). Also, this method kills rather than suppresses 
Legionella, recolonization is minimized. However, the electrodes accumulate scale 
and must be cleaned regularly to ensure maximum performance. Also, long-term 
treatment may result in development of resistance to these ions. 
1.4.3 Effect of biofilm and other factors on disinfection 
Bacteria harboured in biofilms are more resistant to disinfectants. This is because 
in order to destroy the cells inside the biofilms, the disinfectant has to first react with 
the surrounding polysaccharide network. The cells themselves are not actually 
more resistant, rather they have got a protective shield. Part of the oxidizing power 
of the disinfectant applied is used before it can reach the cell (Lin et al., 1998). 
Another reason is that when cells are attached to a biofilm, delivery of the 
disinfectant is limited by the rate of diffusion of the compound across the boundary 
layer and through the film. It takes a longer contact time for the disinfectant to 
reach the bacterial cells in a biofilm if compared with free-floating microorganisms 
(Kim et al.，2002). Thus biofilms can protect microorganisms from disinfectants 
and harsh environmental conditions such as increased water temperatures. 
Legionella has been shown to colonize the surfaces of plumbing materials in 
concentrations up to 10^  cfu/mL (Lin et al, 1998). Yabunnchi and associates (1995) 
‘ 23 
were able to inactivate planktonic Legionella within 15 min at 0.4 mg/L of free 
chlorine but > 3 mg/L of free chlorine was required to inactivate and suppress the 
growth of these bacteria when they are associated with biofilm (Muraca et al., 1987). 
Heat-tolerant amoebae, on the other hand, protect the parasitic bacteria within them 
and this represents a reason for the difficulty in eradicating Legionella spp. from 
potable and surface water (Winn, 1999). It is even more difficult when they are 
associated with amoeba cysts. It showed that Hartmannella vermiformis, which is a 
common amoeba in potable water, did not support the growth of L pneumophila at > 
4 mg/L of chlorine, whereas L. pneumophila could withstand at least 50 mg/L of free 
chlorine in the cysts of Acanthamoeba polyphage (Kilvington et al., 1990). In 
addition, the amoeba hosts could develop resistance to biocides (Kim et al., 2002). 
1.5 Photocatalytic oxidation (PCO) 
PCO is one of the advanced oxidation processes (AOPs). Photocatalysis by 
titanium dioxide (Ti02) could be an alternative or a complement to conventional 
water disinfection technologies such as chlorination. Semi-conductor powder like 
TiOz can serve as a photocatalyst. TiOi photocatalyst has been extensively studied 
over the past 30 years for the removal of organic compounds from polluted water and 
air. 
1.5.1 Generation of strong oxidants 
When the TiOz photocatalyst is irradiated with near ultraviolet (UV) light with 
wavelength (X) shorter than 385 nm (UV-A), reactive oxygen species (ROS) such as 
hydroxyl radical (•OH), superoxide anion ( . (V) and hydrogen peroxide (H2O2) are 
generated (Figure 1.1). These reactive oxygen species, especially the hydroxyl 
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Figure 1.1 The schematic diagram of initial mechanism of photocatalytic 
oxidation with TiCb (Modified from Matthews, 1986; Turchi & Ollis, 1990; 
Crittenden et al.’ 1996; Yu et al., 2000). 
radical, are even more reactive and oxidizing than chlorine. The oxidation 
potentials of •OH (2.8 V) produced by this method are much higher than many 
materials that are commonly used for disinfection of water, including ozone (2.07 V)， 
hydrogen peroxide (1.77 V)，hypochlorous acid (1.49 V) and chlorine (1.39 V) (Bull 
and Zeff, 1992). 
UV light with appropriate wavelength (k < 385 nm) promotes electrons (e~) from the 
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filled valence band (VB) of the TiO: to the empty conduction band (CB), leaving 
behind positive "holes" (h+) in the VB [Eq. (1)] (Butterfield et al., 1997; Rincon & 
Pulgarin, 2004). 
Ti02 + Ti02 (e"cB + h+vB) (1) 
Following that are some oxidation reactions which include the electron transfer to the 
h+ from the organic substance (RX) [Eq. (2)], H2O [Eq. (3)] and OH" [Eq. (4)] 
sorbed on the catalyst surface. It should be noted that due to the high concentration 
of H2O and OH—sorbed on the TiO] surface, reactions of Eqs. (3) and (4) appear to be 
more important in the oxidative degradation process (Rincon & Pulgarin，2003; 
Rincon & Pulgarin, 2004). 
T i 0 2 (h+VB) + RXsorbed T i O z + • R X + s � r b e d ( 2 ) 
T i 0 2 (h+VB) + H20sorbed T i O z + •OHsorbed + H + ( 3 ) 
T i 0 2 (h+VB) + OH—sorbed + T i O �+ •OHsorbed ( 4 ) 
Molecular oxygen acts as the e~ acceptor for those e~ in the CB of the photocatalyst 
[Eq. (5)]. Superoxide anion (•02~) and its protonated form (•O2H) subsequently 
dismute to yield hydrogen peroxide ( H 2 O 2 ) [Eqs. ( 6 ) - ( 8 ) ] (Rincon & Pulgarin，2003). 
Ti02 (e—CB) + 02sorbed + TiOi + •O2—sorbed (5) 
• O 2 sorbed + H + •02Hsorbed ( 6 ) 
• O 2 sorbed + •OzHsorbed •OHsorbed + Ozsorbed + HzOssorbed ( 7 ) 
2 • O 2Hsorbed 02sorbed + HzOzsorbed ( 8 ) 
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Addition of H2O2 can enhance the photodegradation rate via reaction (9). Organic 
pollutants and bacteria sorbed on the TiO: particles surface will then be oxidized by 
the •OH generated (Rincon & Pulgarin, 2003; Rincon & Pulgarin, 2004). 
Ti02 (e—CB) + H202sorbed TiOz + OH—sorbed + •OHsorbed (9) 
The •OH is highly active for both the oxidation of organic substances and the 
inactivation of bacteria and virus. Photocatalytic inactivation of bacteria and yeasts 
including Escherichia coli (Matsimaga et al., 1988; Ireland et al.’ 1993; Meli^ et al.’ 
2000; Salih, 2002; Lu et al” 2003; Rincon & Pulgarin，2003; Rincon & Pulgarin， 
2004), Enterococcus faecium (Kiihn et al., 2003); Streptoccocus faecalis (Melian et 
al., 2000)，Streptoccocus mutans (Saito et al” 1992) Staphylococcus aureus (Kiihn et 
al., 2003), Pseudomonas aeruginosa (Kiihn et al” 2003), Candida albicans (Kiihn et 
al” 2003)，Lactobacillus acidophilus and Sacchawmyces cerevisiae (Matsunaga et 
al” 1985) as well as poliovirus (Watts et al., 1995) have been reported. 
1.5.2 Disinfection mechanism(s) 
As early as in 1985，Matsunaga et al. (1985) had found that Ti02 photocatalyst with 
near-UV illumination could kill bacterial cells in water in 60-120 min. At the same 
time, they proposed that the fundamental reason for the cells to be killed was due to 
the direct photochemical oxidation of the intracellular coenzyme A (CoA)，causing it 
to form dimers and thus resulting in a decrease in respiratory activities (Matsunaga et 
al., 1985; Matsunaga et al., 1988). Later, some others proposed that the root cause 
for the cell death was the destruction of cell barrier and structures. Saito and 
associates (1992) found the rapid leakage of potassium ions from the Ti02-treated 
cells along with the decrease in the cell viability. Also, proteins and RNA were 
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shown released slowly from the cells upon a longer reaction time. From such 
results, they concluded that there should be a significant disorder in the cell 
membranes and finally the cell walls were decomposed (Saito et al., 1992). Sunada 
and co-workers (1998) found the degradation of endotoxin, which is a 
lipopolysaccharide (LPS) cell wall (outer membrane) constituent of Gram-negative 
bacteria. Maness and co-workers (1999) suggested TiO� photocatalysis promotes 
peroxidation of the polyunsaturated phospholipid component of the lipid membrane 
and in turn induced major disorder in the cell membrane, which causes the loss of 
essential membrane-bound functions such as respiratory activities, of the bacteria 
was the underlying mechanism of cell death. 
Recently, Kuhn et al. (2003) used light and scanning electron microscopy (SEM) to 
examine the cell surfaces of Candida albicans and found that the •OH had leaded to 
direct damage to cell wall. Moreover, using SEM, Jacoby et al. (1998) were able to 
show that E. coli on Ti02-coated glass slides irradiated for 75 h were completely 
destroyed and removed by complete mineralization. Apart from SEM, transmission 
electron microscopy (TEM) was carried out by Saito and associates (1992) to show 
the broken cell walls of Streptococcus sobrinus after photocatalysis; while Lu and 
co-workers (2003) applied atomic force microscopy (AFM) imaging and 
fluorescence measurements of quantum dots (QDs) entry to the cell to proved the 
immediate decomposition of the cell wall, followed by a further damage of the cell 
membrane. 
1.5.3 Major factors affecting the process 
The photocatalyst and the UV intensity are the two most important factors affecting 
the disinfection efficiency. TiO� is the most widely studied and adopted 
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photocatalyst because it was shown the most active in organic degradation among all 
other catalysts (Herrmann et al, 1983; Bahnemann, 1994; Davis, 1994). Since TiO: 
has a band gap of 3.2 eV, only light with wavelength shorter than 385 nm is capable 
of promoting the electron-hole-pairs formation (Bahnemann, 1994; Chen et al” 1999; 
Hei, 1999). TiOj is popular in use in water treatment because it is non-toxic, 
water-insoluble, chemically and thermally stable (Matthews, 1991; Hei, 1999). It is 
also relatively inexpensive, reusable and resistant to photocorrosion under UV 
(Bahnemann, 1994; Chen et al.’ 2001). TiOi can be used in suspension or 
immobilized form. In water disinfection, the optimal Ti02 concentration depends 
on both the initial bacterial concentration and chemical matrix of water (Rincon & 
Pulgarin, 2003). 
UV is the major energy source to drive the PCO processes. The amount of energy 
absorbed by the organic compounds or by oxidants depends on the intensity of UV 
light，the absorption coefficiency, contaminant concentrations and pathlength (Yao & 
Mill, 1994). Therefore, oxidation time can be greatly reduced by increasing the 
intensity of UV light, using a longer pathlength, and higher concentration of oxidant. 
On the other hand, intermittent illumination results in an increase in the time required 
forE. coli inactivation (Rincon & Pulgarin, 2003). 
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2. Objectives 
The present study aimed at investigating the efficacy of photocatalytic oxidation 
(PCO) on the disinfection of Legionella pneumophila. Four L. pneumophila 
serogroup 1 bacterial strains of different origins were compared for their sensitivity 
towards the PCO disinfection process. The most susceptible and the most resistant 
one were then used for the optimization of the PCO reaction conditions. 
Different physicochemical conditions, including TiOi concentration, UV intensity, 
initial bacterial concentration, treatment time, depth of reaction mixture, stirring rate 
and initial pH were optimized for the PCO disinfection of the two selected bacteria. 
The optimal conditions were determined so that the highest bacterial viability 
removals were obtained without wasting energy, time and money for the PCO 
process. During the optimization, the effect of each parameter on PCO could also 
be found. 
On the other hand, the disinfection mechanism(s) of PCO was investigated using 
transmission electron microscopy (TEM). Fatty acid profile analysis was applied to 
study for any differences in the membrane (outer membrane and cell membrane) 
composition and hence membrane fluidity between the four selected bacteria and 
changes in the surviving population after the PCO treatment. Total organic carbon 
(TOC) analysis was used to determine the level of mineralization of the PCO 
disinfection process. 
Finally, the PCO disinfection method was compared with UV-C irradiation and 
hyperchlorination which were conventional practices of disinfection for Legionella. 
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3. Materials and methods 
3.1 Chemicals 
The photocatalyst used was TiO� Degussa P25 formulation (Plate 3.1). It is mainly 
anatase in crystalline form with an average composition of 75% anatase and 25% 
rutile, with a primary particle size of 30 nm, a specific surface area of about 50 m^/g, 
and a band gap of 3.2 eV (Vidal, 1998; Hei, 1999; Wang and Hong, 2000). It was a 
gift from Degussa Corporation (Frankfurt, Germany) and was used as the 
photocatalyst in the PCO without further treatment. The stock solution of 
concentration 10,000 mg/L (Plate 3.1) was prepared with ultra-pure water, 
autoclaved and kept in dark at room temperature. 
3.2 Bacterial strains and culture 
The bacterial strains used were L. pneumophila serogroup 1 Strains ATCC 33153, 
977，1009 and 1014 supplied by the Microbiology Department, The Chinese 
University Hong Kong. According to their information, the bacteria were collected 
from local water towers except the ATCC strain. Of these four strains, ATCC 33153 
was mainly used for the experiments. 
An active L. pneumophila culture was inoculated on to buffered charcoal yeast 
extract agar supplemented with a-ketoglutarate (BCYE a agar, Oxoid Limited, U.K.) 
(Plate 3.2) and incubated under 5% CO2 for 3 days at 37°C. The colonies were later 
aseptically washed by sterilized 0.85% saline solution in 1.5-mL eppendorf tube, 
capped and centrifuged at 5,000 rpm (MSB Microcentaur MSB010.CX2.5, Sanyo, 
Japan) for 7 min twice and finally resuspended in sterilized 0.85% saline solution at a 
concentration of 10^ cfu/mL for subsequent studies. 
31 
� 
(A) 
^ H j l ^ c C I ^ ^ m g ^ m ^ m 
ffiO 
Plate 3.1 (A) Titanium dioxide (TiOi) photocatalyst 10,000 mg/L stock suspension 
and Ti02 Degussa P25 formulation; (B) Appearance ofTiOz powder. 
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Plate 3.2 (A) BCYE agar base; (B) Legionella growth supplement; (C) BCYE a 
agar. 
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3.3 Photocatalytic reactor 
Two photocatalytic reactors (Plate 3.3) with similar design but different sizes and 
different ranges of UV intensities had been used for the PCO tests. Both were 
rectangular boxes made with UV-blocking plastic to prevent leakage of any harmful 
UV light from the reactor and entry of UV from other illuminating sources outside 
the box which interferes with the experiments. Four UV lamps with the maximum 
emission at 365 nm were installed on the top part inside each of the reactor boxes. 
For the small-sized reactor (length: 35 cm, width: 20 cm, height: 20 cm), the four UV 
lamps used were 15-cm, 4-watts, Spectronics® BLE-270W (Spectronics Corporation, 
Wastbury, New York); while for the big one (length: 58 cm, width: 30 cm, height: 18 
cm), four 43-cm 15-watts Cole Parmer® UV lamps (Cole-Parmer International, 
Vernon Hills, USA) were used. All the lamps were connected to an external control 
panel with individual switches so that the intensity of UV irradiation can be adjusted 
to different levels for related experiments. A ventilation fan was installed inside the 
small reactor while two were installed for the big one in order to prevent the reactors 
from overheating during the PCO treatment. Moreover, during the PCO process, 
stirring was given to the reaction mixture by a magnetic stirrer. 
3.4 PCO efficacy tests 
The photoreactor was operated in batch mode. The testing conditions were: 100 
mg/L or 1000 mg/L of TiO】，108 |iW/cm^ ofUVsesnm, 20 mL of bacterial culture with 
initial concentration of 10^  cfu/mL reacting in 100-mL Duran bottle (depth of the 
reaction mixture = 1.5 cm), 200 rpm of stirring and pH 5.8 (unadjusted). Control 
experiments were done by applying UV irradiation alone without the addition of 
TiOz (Ti02-control), without the supply of UV irradiation but with Ti02 added (dark 
control) and not doing any treatment (negative control). 
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Plate 3.3 Photocatalytic oxidation (PCO) reactor (during reaction) with a magnetic 
stirrer below. 
During the experiment, 100 [iL of the bacterial suspension was withdrawn aseptically 
from the reaction container before and after the selected time intervals of PCO, 
serially diluted and spread on the BCYEa agar plates for viable cell count. Number 
‘ of colonies formed per mL of the reaction sample (cfu/mL) were recorded and the 
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removal efficiency (R.E.，log-reduction) could be calculated by Equation 10 shown 
below. 
R.E. (log-reduction) = log [initial viable cell count] - log [final viable cell count] (10) 
3.5 PCO sensitivity tests 
The four selected bacterial strains were tested with the more effective conditions 
found from the above efficacy tests: 1,000 mg/L of Ti02, 108 jiW/cm^ of UVsesnm, 
20 mL of bacterial culture with initial concentration of lO? cfu/mL reacting in 
100-mL Duran bottle (depth of the reaction mixture = 1.5 cm), 200 rpm of stirring 
and pH 5.8 (unadjusted). The three controls were done again for each of the 
bacterial strains. R.E.s were calculated as described in Section 3.4. 
3.6 Optimization of PCO conditions 
From the results of the sensitivity tests, the most susceptible strain (i.e., Strain 1014) 
and the most resistant strain (i.e., ATCC 33153) were used in this section. Before 
the optimization, the testing conditions of all the parameters were kept at the same 
level as those used in the PCO sensitivity tests. For each part of the optimization, 
only the parameter under investigation varied over a proper range while others were 
kept constant as before. Once optimized, the optimal levels found were applied for 
the subsequent experiments. All the experiments were performed in triplicate. 
R.E.S were monitored at suitable time intervals (45, 60 or 90 min), data were 
analyzed by one-way ANOVA followed by Tukey test (p<0.05) and finally graphs 
were plotted to clearly present the effect of each parameter and show the optimal 
level. 
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3.6.1 Optimization of TiO! concentration 
The Ti02 concentrations tested were 0，50, 100，200，400，800，1,000 and 1,500 mg/L. 
A proper volume (i.e., 0，0.1，0.2，0.4，0.8，1.6，2 and 3 mL respectively) of the stock 
solution of concentration 10,000 mg/L was added to the bacterial suspension to make 
up a total volume of 20 mL to react in the 100-mL Duran bottle. 
3.6.2 Optimization of UV intensity 
Owing to the limitation of the number and position of UV lamps in the two PCO 
reactor, the intensity ofUVsesnm irradiation tested were restricted to be 27，54, 58, 83， 
108，116，165, 223 and 280 jiW/cm^ at position of the reaction mixture. By turning 
on a suitable number or combination of the UV lamps in different position in either 
the small reactor (27，54 and 108 |iW/cm^) or the big one (58, 83，116, 165，223 and 
280 |iW/cm^), different UV intensities could be applied. The position of the 
reaction container was put at a fixed position in the middle of the irradiation. 
3.6.3 Optimization of depth of reaction mixture 
Since the UV irradiation was applied from the top, the depth of the reaction mixture 
was the vertical height of the reaction mixture. Owing to the height constraints of 
the reactor design and to avoid spill of the bacterial suspension when stirring applied 
during PCO reaction, only a small range of water depth could be tested, e.g. 1，1.5, 
3.75 and 6.3 cm. Different water depths were made by using different beakers 
(100-mL, 250-mL and 600-mL) with a proper amount of reaction mixture for the 
PCO treatment. Duran bottle was replaced by beaker in this pari of the experiment 
and for the following parts because Duran bottles, although available with different 
sizes, the opening area (i.e. directly exposed area for UV irradiation) on the top was 
‘ t h e same for all of them. This might add complication for the account of the results 
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obtained. Therefore, beakers, which had got obviously measurable exposure areas 
were used instead. 
3.6.4 Optimization of stirring rate 
The stirring rates tested was limited to 100，200 and 300 rpm only due to the setting 
of the magnetic stirrer used and that to avoid spilling of the bacterial suspension, 
stirring rate could not exceed 300 rpm. 
3.6.5 Optimization of initial pH 
The original initial pH of the reaction mixture was measured to be 5.8. Since the 
bacteria could not resist extreme pH，only a small range of pH around the original 
value was tested: pH 4.5, 5.8 and 7.5. A few drops of IM HCl and IM NaOH was 
added to the mixture to adjust to the required pH. 
3.6.6 Optimization of treatment time and initial cell concentration 
Treatment time and initial cell concentration are closely related to each other, so they 
can be optimized simultaneously. As the optimized PCO conditions had been found 
above, they could be used to optimize the time required for complete disinfection. 
Initial cell concentration was diluted from 10^  to 10^  and 10^  cfu/mL for optimized 
PCO treatment. Viability was determined at 0，15, 30，45, 60，75, 90 and 105 min 
by plate count. 
3.6.7 Combinational optimization 
From the results obtained, TiOi concentration and UV intensity affected the R.E. 
most. Therefore, combinational effect should be better performed to obtain a 
‘thorough understanding and optimization of these two parameters. However, due to 
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the time constraint, only those levels which were shown critical to the improvement 
of the R.E.，as seen from the above results, would be tested. Combinations of 100, 
200，400 and 800 mg/L of TiO� and 83，165 and 280 \xW/cm^ ofUVjesnm were tested 
using 10 cfii/mL as the starting bacterial concentration. Viability was monitored at 
sub-optimal treatment time (75-min and 90-min interval for Strain 1014 and ATCC 
33153 respectively) for more obvious differences in the R.E. 
3.7 Transmission electron microscopy (TEM) 
The ATCC 33153 strain was used in this section and the bacterial suspension was 
prepared in 10^  cfu/mL as TEM usually requires such a high cell density. Fifty-mL 
of the bacterial suspension was put in a 250-mL beaker for PCO reaction with 200 
mg/L of Ti02 and 280 |iW/cm^ of UV365 細.At time 0，30 min, 60 min, 90 min and 
120 min, 10 mL of the reaction mixture was sampled and centrifuged at 3000 rpm for 
10 min (Damon-IEC DPR-6000 Refrigerated centrifuge). The cells harvested were 
pre-fixed in 2.5% glutaraldehyde at 4°C for 2 h and then washed twice by 
centrifuging using a micro-centrifuge and resuspending in 0.1 M phosphate buffer 
saline (PBS, pH 7.2). The cell pellets were trapped in low melting point agarose 
and cut into small cubes with a razor blade, so that post-fixation and processing 
could then be easily continued as for a small piece of tissue. The specimens were 
post-fixed with 2% osmium tetraoxide (E.M. grade, Electron Microscopy Sciences, 
Fort Washington, PA) in dark for 2 h before they were dehydrated in a graded series 
of ethanol (50%, 70%, 85%, 95% and 100%, each for 10 min) and finally embedded 
in Spur solution (Electron Microscopy Sciences, Fort Washington, PA) for 
polymerization at 68°C for 16 h. 
'Ultra-thin sections (70 nm, silver to pale gold using color interference) were cut on 
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Plate 3.4 (A) JEM-1200 EXII transmission electron microscope (JOEL Ltd., Tokyo, 
Japan); (B) Ultratome (Leica, Reichert Ultracuts, Wien, Austria); (C) Samples 
embedded in Spur to become blocks and ultra-thin sections on copper mesh grids. 
an ultratome (Leica, Reichert Ultracuts, Wien, Austria) and then placed on copper 
mesh grids (Plate 3.4). After drying on filter paper overnight, the ultra-thin sections 
were stained with 2.5% uranyl acetate for 15 min and subsequently with 2% lead 
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citrate for 15 min at room temperature so as to enhance electron density contrast. 
Sections were examined under a JEM-1200 EXII transmission electron microscope 
(JOEL Ltd., Tokyo, Japan) at 80kV accerlerating voltage (Plate 3.4). 
3.8 Fatty acid profile analysis 
Fatty acids were first released from the cell surface (both cytoplasmic and outer 
membrane) by saponification. About 5-6 colonies of each sample were added to 2 
mL of 5% NaOH (in 1:1 methanol/HsO) in a 10 mL reaction vial and vortexed. The 
suspension was heated at 100°C for 30 min, allowed to cool back to room 
temperature and then acidified to pH 2 with 6 M HCl before extraction with 5 mL of 
w-hexane/chloroform (4:1). The aqueous layer was discarded and the extract in the 
w-hexane/chloroform layer was finally dried with N2. After that, methylation of the 
fatty acids was carried out to increase volatility for the gas chromatography. 
Four-mL of 10 % BCb/methanol was added to the dried extract obtained. After 
vortex, it was heated at a temperature just below 100°C for 30 min and then allowed 
to cool back to room temperature (about 20°C). The fatty acid methyl esters formed 
were again extracted with n-hexane/chloroform (4:1) and dried with N2 and dissolved 
with 200 |jL of methanol for the injection into the gas chromatograph. 
Fatty acid methyl esters were analyzed by gas chromatography using a HP 5890 
Series II gas chromatograph (Hewlett Packard, Palo Alto, CA, USA) equipped with a 
HP 5972 Series mass selective detector (Hewlett Packard, Palo Alto, CA, USA) 
(Plate 3.5). As gas chromatography frequently use capillary column to enhance 
sensitivity and resolution, the stationary phase used was a 25 m x 0.22 mm (i.d.) HP 
Ultra 1 capillary column coated with 0.33 |im film of crosslinked methyl silicone 
‘ gum while the carrier gas was helium. The oven temperature was programmed 
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from the initial temperature at 170 to 270°C at a rate of 5°C/min, then to 310°C at a 
rate of 30°C/min and maintained for 10 min and finally back to 50�C. The total run 
time was 31.33 min. 
An external standard with carbon-13 to carbon-22 saturated straight-chain fatty acids 
with trans C16:l monounsaturated fatty acid was used for fatty acids identification 
references. The database of the "Wiley 138 Library" was used for searching 
products identification. Auto-integration was performed by the computer to 
calculate the peak area against the baseline for quantifying the amount of fatty acid 
methyl esters formed. 
H H .1 B I B 
Plate 3.5 HP 5890 Series II gas chromatograph (Hewlett Packar, Palo Alto, CA, 
USA) equipped with a HP 5972 Series mass selective detector (Hewlett Packard, 
‘ Palo Alto, CA, USA). 
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3.9 Total organic carbon (TOC) analysis 
Sixty-mL of the ATCC 33153 bacterial suspension with initial concentration of 10^  
cfu/mL underwent the PCO treatment in a 250-mL beaker (water depth = 2.2 cm) 
with 200 mg/L of Ti02 and the maximum UV365 nm irradiation at 280 jiW/cm^. At 
45- and 90-min intervals, two 10 mL of samples were taken and centrifuged at 3000 
rpm for 10 min (Damon-IEC DPR-6000 Refrigerated centrifuge). Cell pellets 
obtained were then used for the solid-phase analysis while the supernatant was used 
for the aqueous-phase measurement following the protocol of the Instruction Manual 
(Shimadzu Corporation, 1995). 
For the solid-phase analysis, measurements were done by a total organic carbon 
(TOC) analyzer TOC-5000A (Plate 3.6) with a solid sample measurement module 
SSM-5000A (Plate 3.6) (Shimadzu Corporation, Kyoto, Japan). The two pellets 
harvested from the two 10-mL samples were put to separated pre-cleaned sample 
boats and dried in 105°C oven until steady weights were recorded. Then, one of 
the two dried cell masses was taken to combustion in a 900°C furnace and the 
amount of carbon dioxide was measured for total carbon (TC). Another of the dried 
samples was put to react with 0.4 mL of phosphoric acid at 200°C for determining 
the amount of carbon dioxide formed from the inorganic carbon (IC) present. 
For the aqueous-phase analysis, the procedure was much simpler. Six-mL of each 
supernatant sample was put into cleaned sample tube for automatic injection into the 
auto-sampler ASI-5000A connecting to the TOC analyzer TOC-5000A (Plate 3.6) 
(Shimadzu Corporation, Kyoto, Japan) for TOC and IC determination. 
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Plate 3.6 (A) Auto-sampler (Shimadzu ASI-5000A) and total organic carbon (TOC) 
analyzer (Shimadzu TOC-5000A); (B) Solid sample measurement module 
(Shimadzu SSM-5000A). 
All the experiments were conducted in triplicates. Quantification of the TOC and 
IC contents were based on suitable external standards and calculated by using the 
corresponding calibration curves by the computer automatically. 
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3.10 UV-C irradiation 
A 20-cm, 6-watts UV-C lamps with maximum emission at 254 nm were used in this 
part of the experiment. Since there was only one lamp that could be used, the UV 
intensities that could be tested were limited. The intensity was adjusted by applying 
layers of clear plastic film on top of the beaker. Glass could not be used as UV-C 
cannot pass through it. For a better comparison with the PCO method, the UV254nm 
used in this section was at the same order of magnitude as the UV365 nm used in PCO. 
The ATCC 33153 strain was used and the starting cell concentration was 10^  cfu/mL 
and all other parameters used were same as the optimized PCO condition except 
without the addition of the photocatalytic Ti02. The R.E. was monitored against 
time at suitable time intervals. Moreover, the effect of the water depth of the 
reaction suspension was believed to be important and was thus studied. 
3.11 Hyperchlorination 
Chlorination was done by using hypochlorite bleach solution (Ultra Clorox®). The 
original concentration was 6% (i.e., 60,000 mg/L) which was too high for the 
experiment, therefore, it was diluted to the appropriate required concentrations with 
autoclaved 0.85% saline solution before application. During the disinfection, 
stirring was applied to the reaction mixture by magnetic stirrer as in PCO. The 
ATCC 33153 strain at 10^  cfu/mL and a small proper volume of the bleach solution 
were mixed to make up for a total of 20 mL reaction volume. The R.E. was 
monitored against time at suitable time intervals. Two-mL of sample was taken at 
each time and immediately quenched by diluting to 20 mL with autoclaved 0.85% 
saline solution. Then, it was centrifuged at 3,000 rpm for 10 min (Damon-IEC 
DPR-6000 Refrigerated centrifuge) to obtain the pellet which was finally 
concentrated back to 2 mL for viability determination. 
44 
3.12 Statistical analysis and replication 
All the quantitative experiments were performed in triplicates to obtain the mean 
data and standard deviations. The triplicate data of the optimization experiments 
were analyzed by one-way ANOVA followed by Tukey test (p<0.05) to see if 
significant differences occurred among the R.E.s of different data points. In 
addition, randomized experimental design, by carrying out the same set of 
experiment in different days, was carried out for the triplicates in order to obtain 
statistically valid results. 
3.13 Safety precautions 
Since L. pneumophila serogroup 1 bacterial strains were pathogenic and the major 
risk was inhalation of the bacteria-containing aerosol, they should be handled inside 
properly functioned biohazard cabinet with fumigator that could carry out hood 
disinfection using 50% formaldehyde when necessary. For personal safety, mask 
should be worn during the experiments. The PCO reactor and all the apparatus 
were disinfected with 75% alcohol or autoclaved after use. 
During the TEM processing, glutaraldehyde, osmium tetraoxide and the Spur 
solution were toxic and mutagenic, they should be handled in properly functioning 
fumehood. On the other hand, the uranyl acetate and lead citrate stain solutions 
were radioactive thus should be used with great care and in designated bench. 
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4. Results 
4.1 Efficacy test 
Legionella pneumophila serogroup 1 ATCC 33153 was shown to be UV365 nm 
resistant. Preliminary PCO tests on the ATCC 33153 strain (with initial cell 
concentration of 10^  cfu/mL) using 100 mg/L of TiO: and 108 ^W/cm^ of UV365 nm 
showed only fewer than 2 log-reduction in the viable cell counts in 60 min of PCO. 
However, when the TiOz concentration was elevated to 1,000 mg/L with the same 
UV365 nm intensity, 4.5 log-reduction in the viable cell count were obtained after 90 
min of PCO treatment, while all the three controls showed no obvious reduction in 
the viable counts when compared with the treatments. Such results showed that 
PCO was efficacious towards the removal of the viability of L. pneumophila. 
Moreover, for the surviving colonies, they were smaller in size and duller in 
appearance when compared with the original ones (Plate 4.1). It was suspected that 
there were changes in the cell membrane fatty acids composition due to the change in 
the surface shininess of the colonies formed. 
圓,iHl 
Surviving colonies ( 1 S u r v i v i n g colonies (1 
dilution) at 45 min dilution) at 90 min —— 
‘ Plate 4.1 Colony appearance of samples taken at different time intervals of PCO. 
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4.2 PCO sensitivity 
Table 4.1 shows the removal efficiency (R.E.) of the viability of the four selected L 
pneumophila strains (with initial cell concentration of 10^  cfu/mL) at different time 
intervals of PCO and control experiments using 1,000 mg/L of Ti02 and 108 }xW/cm .^ 
All the three controls showed R.E.s with less than 0.5 log-reduction after 90 min of 
PCO. For the four tested strains, ATCC 33153 was the most resistant one towards 
PCO which only showed an R.E. of about 4.5 log-reduction after 90 min of PCO; 
while all the other three local strains showed more than 7 log-reduction with the 
same treatment and thus more PCO susceptible. Among these three local strains, 
Strain 1014 showed the highest sensitivity as seen from their R.E. at 30 min (4.18 
log-reduction) and 45 min (4.22 log-reduction) intervals. 
Table 4.1 The removal efficiency (R.E., log-reduction) of the viability of the 
four selected L. pneumophila strains and controls (with initial cell concentration of 
107 cfu/mL) at different time intervals of PCO using 1,000 mg/L of Ti02 and 108 
^WWofUV365nm. 
45 min 60 min 90 min 
ATCC 33153 2.77 2.94 4.57 
Strain 977 3.39 3,65 7.10 
Strain 1009 3.56 3.78 7.08 
Strain 1014 4.18 4.22 7.23 
Dark control / / <0.2 
Ti02-control / / <0.5 
Negative control / / <0.1 
(""Standard deviation: <0.5 for all data) 
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4.3 Optimization of PCO conditions 
4.3.1 TiOi concentration 
The effect of Ti02 concentration on the R.E. for ATCC 33153 and Strain 1014 were 
shown in Figures 4.1 and 4.2 respectively. 
For ATCC 33153, the R.E. at 90 min increased sharply when the TiO! concentration 
increased from 0 (0.34 log-reduction) to 200 mg/L (4.67 log-reduction) and then 
fluctuated up to the maximum R.E. (5.79 log-reduction) at 800 mg/L, after which the 
R.E. dropped back to the level similar to that obtained at 200 mg/L (4.41 
log-reduction) and maintained for further increased in the TiCh concentration. The 
optimal concentration was chosen to be 200 mg/L because further increase in TiOi 
concentration did not improve the R.E. much. Also, this was the first parameter 
optimized and thus better to leave some room for the improvement of R.E. for the 
following parameters. 
For Strain 1014，the trend observed was simpler. The R.E. at 60 min increased 
greatly from 0 (0.21 log-reduction) to a maximum at 200 mg/L (4.3 log-reduction) 
and then leveled off. Therefore, the optimal concentration was 200 mg/L. 
4.3.2 UV intensity 
The effect of UV intensity on the R.E. for ATCC 33153 and Strain 1014 was shown 
in Figures 4.3 and 4.4 respectively. The two tested strains showed similar patterns 
which the increase in R.E. gradually slowed down and finally reached a plateau. 
For ATCC 33153, the R.E. at 90 min increased largely from 0 (0.15 log-reduction) to 
. ‘ 83 |xW/cm^ (4.96 log-reduction) of UV365 nm. After that, the increment became 
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[Ti02】（mg/L) 
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— ^ 60 min 
-m- 90 min 
Figure 4.1 Effect of TiOz on the R.E. on the PCO disinfection of L pneumophila 
serogroup 1 ATCC 33153. Experimental conditions: initial bacterial concentration 
=7-log, reaction volume = 20 mL, UV intensity = 108 jiW/cm】，water depth of the 
reaction mixture = 1.5 cm, stirring rate = 200 rpm, pH = 5.8, reaction time = 45, 60 
and 90 min. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same letter are statistically identical (One 
way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.2 Effect of Ti02 on the R.E. on the PCO disinfection of L. pneumophila 
serogroup 1 Strain 1014. Experimental conditions: initial bacterial concentration = 
7-log, reaction volume = 20 mL, UV intensity = 108 nW/cm^, water depth of the 
reaction mixture = 1.5 cm, stirring rate = 200 rpm, pH = 5.8, reaction time = 45 or 60 
min. Data point represents the mean and error bar represents the standard deviation 
of triplicates. Means with the same letter are statistically identical (One way 
ANOVA followed by Tukey test, p<0.05). 
50 
gentler and reached the maximum at 223 (6.55 log-reduction) and then 
leveled off. However, as UV is relatively costly, the sub-optimal intensity at 165 
|iW/cm^ (6.05 log-reduction) was chosen at this moment for ftirther optimization in 
order to leave room for other parameters for a cost-effective result and more 
importantly, further increase in the intensity to 223 |iW/cm^ (i.e., the next data point) 
only gained a relatively small improvement in the R.E. which was not so 
cost-effective. 
For Strain 1014，the R.E. at 60 min increased greatly from 0 (0.12 log-reduction) to 
58 |iW/cm^ (4.12 log-reduction) of IJV365 nm, after which the R.E. maintained until 
reaching 108 nW/cm^, and then increased obviously again to the maximum (6.38 
log-reduction) at 165 )iW/cm^ which finally leveled off. The optimal UV intensity 
was 165 i^ W/cm^ as it was the maximum which also showed a big improvement in 
the R.E. from the previous data point (i.e., 4.31 log-reduction at 108 |iW/cm^). 
4.3.3 Depth of reaction mixture 
The increase in water depth decreased the R.E. but the effect shown was small due to 
the constrain of the experimental setup in which only a small range of depth could be 
tested (Figures 4.5 and 4.6). An important point to note was that the change of the 
reaction container from bottle to beaker had resulted in a decreased R.E. of the same 
treatment. Thus, results obtained from this section were not matched with those 
from the above despite the conditions were the same. For ATCC 33153, the R.E. at 
60 min (4.18 log-reduction) was optimal at water depth set at 1.5 cm. R.E. at 60 
min decreased to 3.4 log-reduction when depth was 6.3 cm. For Strain 1014， 
optimal R.E. at 60 min (5.02 log-reduction) was also reported at 1.5 cm deep and 
‘ decreased to 3.11 log-reduction at 6.3 cm deep. 
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Figure 4.3 Effect of UV365 nm on the R.E. on the PCO disinfection of L 
pneumophila serogroup 1 ATCC 33153. Experimental conditions: initial bacterial 
concentration = 7-log, reaction volume = 20 mL, [TiCy = 200 mg/L, water depth of 
the reaction mixture = 1.5 cm, stirring rate = 200 rpm, pH = 5.8, reaction time = 45， 
60 or 90 min. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same letter are statistically identical (One 
way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.4 Effect of UY365 nm on the R.E. on the PCO disinfection of L 
pneumophila serogroup 1 Strain 1014. Experimental conditions: initial bacterial 
concentration = 7-log, reaction volume = 20 mL, [TiCh] = 200 mg/L, water depth of 
the reaction mixture = 1.5 cm, stirring rate = 200 rpm, pH = 5.8, reaction time = 45 
or 60 min. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same letter are statistically identical (One 
way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.5 Effect of water depth on the R.E. on the PCO disinfection of L 
pneumophila serogroup 1 ATCC 33153. Experimental conditions: initial bacterial 
concentration = 7-log, reaction volume = 20 mL，[Ti02] = 200 mg/L, UV intensity = 
108 |xW/cm，stirring rate = 200 rpm, pH = 5.8，reaction time = 45 or 60 min. Data 
point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
followed by Tukey test, p<0.05). 
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Figure 4.6 Effect of water depth on the R.E. on the PCO disinfection of L 
pneumophila serogroup 1 Strain 1014. Experimental conditions: initial bacterial 
concentration = 7-log, reaction volume = 20 mL, [TiCy = 200 mg/L, UV intensity = 
108 |iW/cm^ stirring rate = 200 rpm, pH = 5.8，reaction time = 45 or 60 min. Data 
point represents the mean and error bar represents the standard deviation of 
triplicates. Means with the same letter are statistically identical (One way ANOVA 
followed by Tukey test, p<0.05). 
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4.3.4 Stirring rate 
Experimental results showed that 200 rpm was the best for the PCO disinfection 
process (Figures 4.7 and 4.8). Both lower (100 rpm) and higher (300 rpm) stirring 
decreased the R.E. For ATCC 33153, optimal R.E. at 60 min was 4.19 
log-reduction (at 200 rpm). At 100 and 300 rpm, the corresponding R.E. at 60 min 
decreased to 3.47 and 3.62 log-reduction respectively. For Strain 1014, optimal R.E. 
at 60 min was 5.13 log-reduction (at 200 rpm). At 100 rpm, R.E. was 4.82 
log-reduction; while at 300 rpm, R.E. was 3.16 log-reduction. 
4.3.5 Effect of initial pH 
For ATCC 33153 at the original initial pH 5.8, the R.E. at 60 min was 4.23 
log-reduction (Figure 4.9). However, at initial pH 4.5, the corresponding R.E. 
decreased to 2.46 log-reduction, while at initial pH 7.5, the R.E. was even much 
lower (1.03 log-reduction). Moreover, it was observed that co-aggregation of the 
Ti02 particles happened at the alkaline (at initial pH 7.5 and at higher pH) reaction 
mixture (Plate 4.2). Similar results were reported for Strain 1014: at initial pH 4.5， 
R.E. at 60 min was 3.41 log-reduction; at original initial pH 5.8, the corresponding 
R.E. was 5.03 log-reduction; while at initial pH 7.5, R.E. was only 1.75 log-reduction. 
Again, co-aggregation occurred at pH 7.5 and higher. Thus, optimal pH was the 
unadjusted pH 5.8. 
4.3.6 Effect of treatment time and initial concentrations 
The effects of treatment time on different initial concentrations of ATCC 33153 and 
Strain 1014 were shown in Figures 4.10-4.12. It was seen that generally for all the 
concentrations, the rate of disinfection gradually decreased with time and finally 
‘ reached the maximum R.E. 
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Figure 4.7 Effect of stirring rate on the R.E. on the PCO disinfection of L 
pneumophila serogroup 1 ATCC 33153. Experimental conditions: initial bacterial 
concentration = 7-log, reaction volume = 20 mL, [丁i02] = 200 mg/L, UV intensity = 
108 |iW/cm2，depth of the reaction mixture = 1.5 cm, pH = 5.8, reaction time = 45 or 
60 min. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same letter are statistically identical (One 
way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.8 Effect of stirring rate on the R.E. on the PCO disinfection of L 
pneumophila serogroup 1 Strain 1014. Experimental conditions: initial bacterial 
concentration = 7-log, reaction volume = 20 mL, [TiOz] = 200 mg/L, UV intensity = 
108 ^iW/cm ,^ depth of the reaction mixture = 1.5 cm, pH = 5.8, reaction time = 45 or 
60 min. Data point represents the mean and error bar represents the standard 
deviation of triplicates. Means with the same letter are statistically identical (One 
way ANOVA followed by Tukey test, p<0.05). 
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Figure 4.9 The R.E.s (log-reduction) at 60 min of different initial pH for 10^  
cfu/mL of starting cell concentration of ATCC 33153 and Strain 1014, reaction 
volume = 20 mL, [TiOz] = 200 mg/L, UV intensity = 108 i^W/cm2，depth of the 
reaction mixture = 1.5 cm and stirring rate = 200 rpm . Data point represents the 
mean of duplicates. 
Plate 4.2 Co-aggregation of the Ti02 particles at initial pH 7.5 and higher (left); but 
‘ it was not observed at acidic pH (right). 
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Figure 4.10 Effect of treatment time on the R.E. on the PCO disinfection of L 
pneumophila serogroup 1 ATCC 33153 and Strain 1014. Experimental conditions: 
initial bacterial concentration = 7.4-log (ATCC 33153) and 7.9-log (Strain 1014), 
reaction volume = 20 mL, [Ti02] = 200 mg/L, UV intensity = 108 ^ i W W , depth of 
the reaction mixture = 1.5 cm, stirring rate = 200 rpm, pH = 5.8. Data point 
represents the mean of duplicates. 
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Figure 4.11 Effect of treatment time on the R.E. on the PCO disinfection of L 
pneumophila serogroup 1 ATCC 33153 and Strain 1014. Experimental conditions: 
initial bacterial concentration = 5.7-log (ATCC 33153) and 5.9-log (Strain 1014)， 
reaction volume = 20 mL, [TiCy = 200 mg/L, UV intensity = 108 nW/cm�’ depth of 
the reaction mixture = 1.5 cm, stirring rate = 200 rpm, pH = 5.8. Data point 
represents the mean of duplicates. 
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Figure 4.12 Effect of treatment time on the R.E. on the PCO disinfection of L 
pneumophila serogroup 1 ATCC 33153 and Strain 1014. Experimental conditions: 
initial bacterial concentration = 3.3-log (ATCC 33153) and 3.7-log (Strain 1014), 
reaction volume = 20 mL, [TiOi] = 200 mg/L, UV intensity = 108 iiW/cm?，depth of 
the reaction mixture = 1.5 cm, stirring rate = 200 rpm, pH = 5.8. Data point 
represents the mean of duplicates. 
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For 107 cfu/mL of the initial cell, ATCC 33153 required 105 min (7.8 log-reduction) 
while Strain 1014 required 90 min (7.4 log-reduction) for total viability removal. 
For 105 cfu/mL of the initial cell, both strains required 45 min (7.8 log-reduction for 
ATCC 33153; 7.9 log-reduction for Strain 1014) for total viability removal. For 10^  
cfu/mL of the initial cell, ATCC 33153 required 25 min (3.2 log-reduction) while 
strain 1014 required 20 min (3.7 log-reduction) for total viability removal. 
4.3.7 Combinational effects 
Figures 4.13 and 4.14 showed the combinational effects of TiO: concentration and 
UV365 nm intensity on ATCC 33153 and Strain 1014 respectively. The optimal 
combination for both strains was the same: 200 mg/L of TiO] with 165 }iW/cm^ of 
UV365 nm. 
It was observed that obvious R.E. improvement only occurred between some 
combination points where both the two factors were adequate. For example, 800 
mg/L of Ti02 needed to go with 280 ofUVsesnm for effective enhancement 
in the R.E.; while 200 mg/L of TiOj with 165 i^W/cm^ of UV365 nm could already 
obtained a satisfactory R.E., further increased the UV to 280 |iW/cm^ at such a TiOz 
concentration level could only get a small R.E. enhancement. Moreover, the R.E. 
fluctuated more at higher UV365 nm intensity. 
Table 4.2 summarizes the optimized PCO conditions for L. pneumophila serogroup 1 
ATCC 33153 and Strain 1014. 
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Figure 4.13 Combinational effects of TiO? concentration and UV365 nm intensity on 
the R.E. on the PCO disinfection of L pneumophila serogroup 1 ATCC 33153. 
Experimental conditions: initial bacterial concentration = 7-log, reaction volume = 
20 mL, depth of the reaction mixture = 1.5 cm, stirring rate = 200 rpm, pH = 5.8, 
reaction time = 90 min. Data point represents the mean and error bar represents the 
standard deviation of triplicates. 
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Figure 4.14 Combinational effects of Ti02 concentration and UV365 nm intensity on 
the R.E. on the PCO disinfection of L. pneumophila serogroup 1 Strain 1014. 
Experimental conditions: initial bacterial concentration = 7-log, reaction volume = 
20 mL, depth of the reaction mixture = 1.5 cm, stirring rate = 200 rpm, pH = 5.8, 
reaction time = 75 min. Data point represents the mean and error bar represents the 
standard deviation of triplicates. 
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Table 4.2 Optimized PCO conditions for L pneumophila serogroup 1 ATCC 33153 
and Strain 1014. 
ATCC 33153 Strain 1014 
Ti02 concentration (mg/L) 200 200 
UV365 nm intensity (|iW/cm^) 165 165 
Depth of the reaction mixture (cm) 1.5 1.5 
Stirring rate (rpm) 200 200 
Initial pH 5.8 5.8 
Initial cell concentration (cfu/mL) lO^ "^  lO^ .Q 
Treatment time for total 105 90 
disinfection (min) 
4.4 Transmission electron microscopy (TEM) 
4.4.1 Morphological changes induced by PCO 
Plates 4.3 - 4.5 were the transmission electron microscopy (TEM) findings for L 
pneumophila serogroup 1 ATCC 33153 before and after photocatalytic action ofTiOz. 
After treatment for 30 min (R.E. = 3.32 log-reduction), some morphological changes 
were observed in most of the cell population. The cytoplasm had some 
electron-translucent portions where some net-like structure was observed. 
Although no disrupted cell wall was recognized, the outer membrane of the cell wall 
became creased. After 60 min when R.E. was recorded 5.40 log-reduction, the 
cytoplasm exhibited the same morphological changes but to a greater extent. The 
majority of the cells had their cell wall structure partially disrupted. After 90 min 
when cell viability reached zero, the cells showed disintegration and only cell debris 
could be seen. After 120 min, no cell debris was even observed, leaving behind the 
Ti02 particles only. 
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4.4.2 Comparisons with changes caused by UV-C irradiation and chlorination 
Plate 4.6 showed the transmission electron microscopy (TEM) findings for L 
pneumophila serogroup 1 ATCC 33153 after UV-C irradiation and chlorination 
respectively. For the cells treated with UV-C, all of them did not show any obvious 
morphological changes in the cell wall and cytoplasm at the time when no viable 
counts were recorded. 
For the sample treated with chlorine, the whole cell morphology was greatly different 
from the initial sample. The whole cell became highly electron-translucent and 
some big vacuole-like structures appeared in the cytoplasm. The cell wall could no 
longer be observed. 
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Plate 4.3 The TEM image of the initial sample of L. pneumophila serogroup 1 
ATCC 33153 before PCO. 
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(A) (B) 
Plate 4.4 The TEM image of L pneumophila serogroup 1 ATCC 33153 after 30 
min (A) and 60 min (B) of PCO with 200 mg/L of TiO! and 280 ^ w W ofUVaesnm 
in a 250-mL beaker. 
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Plate 4.5 The TEM image of L pneumophila serogroup 1 ATCC 33153 after 90 
min (A) and 120 min (B) of PCO with 200 mg/L of TiO� and 280 nW/cm^ of 
UV365nm in a 250-mL beaker. 
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Plate 4.6 The TEM image of L pneumophila serogroup 1 ATCC 33153 totally 
inactivated or killed (zero viability shown by plate count) with 620 |iW/cm of UV254 
nm irradiation for 15 min (A) and hyperchlorination with 600 mg/L of free chlorine 
for 1 min (B). 
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4.5 Fatty acid profile analysis 
The chromatograms obtained from GC-MS (Figure A2 B in Appendix) showed that L. 
pneumophila serogroup 1 bacterial strain had two major high peaks at retention time 
of 7.2 and 7.4 min which were identified to be saturated, 16-carbon branched-chain 
fatty acid and monounsaturated, 16-carbon straight-chain fatty acid respectively. 
These results agreed with the early findings of the cellular fatty acids composition of 
the isolates from Legionnaire's Disease (Moss et al., 1977). 
The fatty acid profile of the samples survived from PCO was similar to that of the 
initial sample but only the peak at retention time of 7.2 min obviously decreased 
which indicated that the relative amount of saturated, 16-carbon branched-chain fatty 
acid had decreased. However, such a change was not observed in the three controls. 
For a better comparison, the relative amount of the saturated, 16-carbon 
branched-chain fatty acid to that of the saturated, 17-carbon branched-chain fatty 
acid (with peak at retention time of 8.8 min) was expressed in ratio and showed in 
Table 4.3. The saturated, 17-carbon branched-chain fatty acid was chosen as a 
reference (or as an internal standard) because it could always show a sharp peak in 
all of the analysis, and more importantly, it had kept at a relatively constant amount 
in all of the samples and thus can be used for comparisons more easily. From the 
data, survivors from PCO had got a significantly smaller amount of saturated, 
16-carbon branched-chain fatty acid. 
Survivors from the UV-C (UV254nm) treatment were also tested and the results were 
different from the above. The chromatogram of the final sample was the same as 
the initial one which did not show a decrease in the amount of the saturated, 
16-carbon branched-chain fatty acid. 
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On the other hand, the four selected strains showed significant differences between 
their relative amounts of the saturated, 16-carbon branched-chain fatty acid and the 
results were tabulated in Table 4.4. Relationship was found between the PCO 
resistance of the bacterial strains and their relative amounts of the saturated, 
16-carbon branched-chain fatty acid: more resistant the strain, the more the saturated, 
16-carbon branched-chain fatty acid they owned. 
Table 4.3 The ratio of the amount of the saturated, 16-carbon branched-chain fatty 
acid to that of the saturated, 17-carbon branched-chain fatty acid (C16 Br.: CI7 Br.) 
of L pneumophila serogroup 1 ATCC 33153 before and after PCO treatment. 
C16 Br.: C17 Br. 
Initial 1.91 (0.32)* 
PCO survivors 0.98 (0.45) 
UV254 nm survivors 2.32 (0.42) 
Dark control 2.01 (0.38) 
TiOz control 1.91 (0.19) 
•Standard deviations were shown in parentheses. 
Table 4.4 The ratio of the amount of the saturated, 16-carbon branched-chain fatty 
acid to that of the saturated, 17-carbon branched-chain fatty acid of the four selected 
different strains of L pneumophila serogroup 1 bacteria. 
C16 Br.: C17 Br. 
ATCC 33153 1.79 (0.32)* 
strain 977 2.38 (0.21) 
strain 1009 2.34 (0.15) 
_ strain 1014 2.78 (0.29) 
•Standard deviations were shown in parentheses. 
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4.6 Total organic carbon (TOC) analysis 
Table 4.5 shows the results obtained from total organic carbon (TOC) analysis on the 
PCO disinfection of L. pneumophila serogroup 1 ATCC 33153. The solid-phase 
TOC content of the initial cell samples was measured to be 21% of the dry weight of 
the cells. After 45 min of PCO treatment when no viable counts were reported, the 
TOC content had dropped to 3% of the dry weight. After 75 min of PCO, zero TOC 
was reported. On the other hand, all the controls maintained their TOC contents 
around 20% of the dry weight. 
For the IC content, the initial cells were measured to be 0.1 mg/L. After 45 min of 
PCO, the reading increased to 0.5 mg/L and finally dropped back to the initial level 
(0.1 mg/L) at the 75 min interval. For the controls, the IC level was always at 0.1 
mg/L. 
Table 4.5 The total organic carbon (TOC) and inorganic carbon (IC) content of L, 
pneumophila serogroup 1 ATCC 33153 before and after 45 min, 90 min of PCO 
treatment. 
TOC (solid-phase: IC (aqueous-phase: mg/L) 
% of dry weight) 
Initial (0 min) 21.3 (2.95)* 0.10 (0.02) 
45 min 3.20 (1.56) 0.52 (0.13) 
90 min 0.00 (0.00) 0.12 (0.04) 
*Standard deviations were shown in parentheses. 
‘ 73 
4.7 UV-C irradiation 
Figure 4.15 shows the results of UV-C irradiation of L. pneumophila serogroup 1 
ATCC 33153. Using 150 i^W/cm^ ofUV254nm with a depth of the reaction mixture 
of 1.5 cm, zero viable cell count was achieved at 15 min (R.E. = 7.72 log-reduction) 
but when increasing the UV intensity to 620 jiW/cm，time for total disinfection was 
reduced to 10 min (R.E. = 7.85 log-reduction). 
For the effect of water depth, it showed that when increasing the depth of the reaction 
mixture from 1.5 to 3.8 cm, the time required for total removal of the cell viability 
increased from 15 min to 25 min for an initial cell concentration of 7.84 logs. 
Moreover, it was reported that the viability had a small rebound during the midway 
of the disinfection process when the water depth was set at 3.8 cm. 
4.8 Hyperchlorination 
Figure 4.16 shows the results obtained from hyperchlorination of L pneumophila 
serogroup 1 ATCC 33153. Using 1 mg/L of free chlorine from the bleach to an 
initial cell concentration of lO? cfu/mL, the viable counts still remained 2.2-log after 
60 min. However, when the free chlorine concentration was doubled to 2 mg/L, no 
viability was reported after 30 min. 
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Figure 4.15 Results of UV-C irradiation of L pneumophila serogroup 1 ATCC 
33153 using 150 and 620 |iW/cm^ of UV254nm at water depth of 1.5 and 3.8 cm with 
stirring at 200 rpm. 
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Figure 4.16 Results of hyperchlorination using 1-2 mg/L (with stirring at 200 rpm) 
of free chlorine of L pneumophila serogroup 1 ATCC 33153. 
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5. Discussion 
5.1 Efficacy test 
The ATCC strain was selected to be tested as it should be more representative than 
the local strains collected. The preliminary PCO tests showed that PCO was 
efficacious to reduce the viability of L. pneumophila, and thus, PCO can be applied 
as an alternative to the conventional disinfection methods. In fact, Legionella 
species have to grow in the BCYE agar in which activated charcoal is present to 
scavenge a variety of superoxide radicals and peroxides which are toxic to the 
bacteria, this means Legionella is susceptible to oxidation and thus PCO should work 
to inactivate the cells. For the surviving populations, their colonies were smaller in 
size which indicated that they probably became weaker (with a lower growth rate) 
due to damages caused by PCO. Other than the size, the colonies formed were 
observed to be duller than the original ones. To get a better understanding for this, 
fatty acid profile analysis was performed to find out if any changes had occurred in 
the lipid content of the cell wall outer membrane and cytoplasmic membrane of those 
surviving bacteria from the PCO treatment. 
5.2 PCO sensitivity 
The locally isolated strains were more susceptible than the ATCC strain but the 
differences were not large. The different sensitivities towards PCO were believed 
to be due to the differences in the cellular structures or the cell defence system such 
as the activity of superoxide dismutase (SOD) or catalase to protect against oxidative 
pressure (Rincon & Pulgarin, 2003). The local strains may have adapted to their 
growth environment where it is usually not highly oxidizing because there is 
presence of sediment, scaling or organic matters (which have use most of the 
dissolved oxygen) and stagnant water flow, and so they had allocated less cell 
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resources to build up a resistant cell barrier and enhancing other defence systems. 
With reference to the results obtained from the fatty acid profile analysis, the local 
strains showed a significantly higher ratio of branched-chain 16-carbon fatty acids in 
their outer membrane and cytoplasmic membrane. More branched-chain fatty acids 
meant a less compact cell membrane which is thus more susceptible to the PCO 
reactions (Guerzoni et al” 2001; Li et al” 2002; Aricha et al.，2004). 
5.3 Optimization of PCO conditions 
Since Ti02 catalyst and UV are the two major components for the PCO reactions, 
they were optimized first. Moreover, the 1,000 mg/L of Ti02 used in the efficacy 
tests was likely to be in excess and thus, TiOi concentration was optimized before 
UV intensity. The water depth of the reaction mixture would affect the amount of 
energy reaching the catalyst for the production of hydroxyl radicals (•OH) and 
stirring suspends the catalyst for irradiation, therefore, these two parameters were 
optimized after the TiO] concentration and UV intensity. Also, pH, initial cell 
concentration and treatment time were critical to the reactions and were thus 
optimized as well. 
5.3.1 Effect of TiOi concentration 
In the absence of Ti02，no obvious R.E. on the viable reduction was observed and the 
small R.E. reported could be due to the fact that UV-A could also be absorbed by the 
DNA of the bacteria (although not as effectively as UV-C), causing thymine dimer 
formation which in turn prematurely terminated DNA replication (Gates et al.’ 2003). 
With the addition of a low concentration of Ti02 (50 mg/L), the R.E. drastically 
‘ improved to more than 2-log reductions (for ATCC 33153, achieved at 90 min; for 
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Strain 1014，achieved at 60 min) and higher Ti02 concentration increased the R.E. 
It was because the PCO of organic compounds was closely related to the total 
number of active sites and photo-absorption of the catalysts. Adequate loading of 
Ti02 increased the generation of electron-hole (e--h+) pairs for promoting the 
degradation of the organics (El-Morsi et al,, 2000; Chen et al.’ 2001; Doong et al.’ 
2001). After this initial step, besides the recombination reaction, a series of 
oxidizing agents were generated for the oxidation of organic compounds. Further 
increase in TiO: concentration could still increase the R.E. but the increment 
decreased. It was because the limitation on active site has been released but other 
k 
limiting factors hindered the increase in R.E. (El-Morsi et al, 2000; Chen et al” 
2001; Doong et al., 2001). After the optimal concentration of Ti02, the R.E. 
leveled off and finally declined. Addition of a high dose of TiCb increased the 
opacity and decreased the light penetration by scattering of photons (El-Morsi et al” 
2000; Chen et al.’ 2001; Doong et al” 2001; San et aL，2001). Moreover, at high 
Ti02 concentration, aggregated particles reduced the interfacial area between the 
reaction mixture and the catalyst, which in turn decreased the total number of active 
site available on the surface (San et al.’ 2001). 
5.3.2 Effect of UV intensity 
UV provided energy to initiate the whole oxidation process. The small R.E. 
reported at dark could be due to sorption of some of the bacteria onto the TiO! 
surface. The increase in R.E. was found to be somewhere directly proportional to 
the increase in UV intensity (Crittenden et al.’ 1999; Modise et al, 2000). Under a 
fixed concentration of TiO】，increase in UV intensity usually followed by the 
increase in R.E. but the increment gradually decreased as the increase in the UV 
intensity would increase the generation of electron-hole-pairs until the concentration 
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of Ti02 was limited and unable to capture the excessive light energy for PCO. 
5.3.3 Effect of depth of reaction mixture 
The R.E. decreased with the increase in the depth of the reaction mixture. It was 
possible that when the depth increase, the bottom of the reaction mixture would 
receive less UV irradiation supplied due to higher energy loss in longer travel 
distance and the shielding of irradiation by the Ti02 above it. In fact, it may be 
more meaningful to express the R.E. in correlation with the average UV irradiance in 
the reaction mixture (by measuring the integrated UV irradiance at the illuminated 
surface and the bottom side of the mixture) or to estimate the average irradiance from 
the extinction coefficient of the reaction mixture if the study is furthered. 
The R.E. reported in this section was smaller than those in the above using the same 
treatment conditions. It was probably due to the different in the architecture of the 
beakers used here and Duran bottles used before. It was believed that apart from 
direct exposure, part of the light was converged to the reaction mixture by comers 
near the rim of the bottle which does not happen with the beakers. 
5.3.4 Effect of stirring rate 
During PCO, stirring or agitation is needed to suspend the Ti02 particles for the UV 
irradiation for the electron excitation. Experimental results showed that medium 
stirring speed was the best for achieving high R.E. Too slow stirring could not 
suspend the Ti02 particles well and some of them settled down to the bottom of the 
reaction container. In this way, the photocatalysts did not effectively absorb the UV 
energy supplied. Moreover, with reference to the PCO reactions, the excited 
, electrons had to react with neighbouring oxygen molecules for the production of the 
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reactive •O2" and •OH. Proper stirring could add oxygen into the water for the 
reactions but too slow stirring led to inadequate oxygen supply. On the other hand, 
too fast stirring might hinder the PCO reactions as sorption ofTiOi onto the bacterial 
surface was probably decreased and the contact time of reactants or intermediates 
was shortened, resulting in a slower production of the reactive •O2" and •OH. 
Therefore, R.E. was low if the stirring was too slow or too fast. 
5.3.5 Effect of initial pH 
The initial pH was usually unadjusted in disinfection. Although the optimal range 
of pH for survival of L. pneumophila was between 6 and 8 (Ohno et al., 2003), the 
bacteria were found to still survive well at pH 4.5 as they were insensitive to pH 
(Electrical and Mechanical Services Department of Hong Kong, 1994). However, 
for such an initial pH, the R.E. of PCO was low, it should be due to the fact that 
increase in the number of OH" ions at the surface of the TiO: promoted the formation 
of •OH by the following reaction: 
h+vB + OH-—•OH (11) 
As mentioned by Rincon & Pulgarin (2004)，the agglomeration state of TiO� is a 
function of pH. From the results in the present study, co-aggregation of Ti02 
happened at pH 7.5 or higher. In this situation, the exposed surface area ofTiOi to 
sorb to the cell surface as well as to absorb UV energy was much lowered. 
Therefore, the PCO treatment efficiency was highly affected. 
Another reason for a low R.E. at high pH should be due to the electrostatic charge of 
‘ the Ti02 surface. For pH values higher than PZC (point of zero charge, 6.5) of 
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titania, the surface becomes negatively charged (and it is opposite for pH < PZC) 
(Rincon & Pulgarin，2004). As the cell surface is usually negatively charged, 
sorption of TiO! would be hindered and thus PCO disinfection of bacteria should not 
favour the alkaline medium. 
Finally, the differences between the R.E.s at different pH could also be partly due to 
the change in the concentrations of sodium and chloride ions after the addition of the 
HCl and NaOH. The concentrations of these ions affect the osmotic potential of the 
medium and thus the viability of the bacteria. For further investigation, it is advised 
to study the effect of pH using different types of acid and alkali. 
The drop of the final pH of the reaction mixture after PCO was explained by the 
PCO of the endo- and exo-bacterial organic compounds to form aliphatic acids; while 
only a small drop in pH when TiOz alone irradiated with the UV was due to the 
formation of H+ by the following reaction (Rincon & Pulgarin, 2004): 
H20 + h+vB—•OH + H+ (12) 
5.3.6 Effect of treatment time and initial concentrations 
The rate of PCO gradually decreased with time. This was because there was 
leakage of the intracellular components which occupied the active sites on the TiOi 
surface or used up some of the •OH produced, therefore, fewer •OH were available 
for attacking remaining viable cells. Also, as the viable cell density had decreased, 
the rate of sorption of the TiOi onto the cell surface became slower due to a lower 
contact chance. 
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Treatment time for total disinfection required by ATCC 33153 was longer than Strain 
1014 when they were starting at 10? cfii/mL，because of the difference in the PCO 
sensitivity found above. For the same strain, the time was different for different 
initial cell concentrations. It was found that when the starting cell concentration 
was decreased for 2-log (i.e. from 7-log to 5-log) and 4-log (i.e. from 7-log to 3-log), 
the treatment time required for total disinfection was still in the same order that it 
was just shortened to about 1/2 and 1/4 respectively. Therefore, it should be 
cost-effective to concentrate the cell before the PCO process as the normal 
contamination level of L pneumophila was usually about 10-10^ cfu/mL (Ishimatsu 
et al, 2001; Leoni et al., 2001)，although the increased risk should also be 
considered. 
It showed that when the cell concentration was decreased to 10^ cfu/mL, the time 
required by both strains became the same. Since we used the same optimized 
conditions from 10^ cfu/mL to treat a lower concentration, over-treatment was likely 
to occur. Thus, the time shown had exceeded the actual times for achieving zero 
viability and could not represent the time really needed. However, due to the 
constraint of the research time, it was not possible to optimize for all the 
concentrations. On the other hand, when cell density was decreased to an initial of 
10^  cfu/mL, the bacteria were even more over-treated but the time difference showed 
might reflect the different initial rate of the PCO disinfection of the two different 
strains, i.e. slower initiation of the disinfecting effect of PCO in ATCC 33153 than 
Strain 1014. 
5.3.7 Combinational effect 
‘ Ti02 and UV were two essential components of PCO. As they were closely related 
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to each other, combinational effects of these two parameters were considered. The 
R.E. was only improved when there was enough of both Ti02 and UV supplied. 
Therefore, excessive amount of TiO] or UV in improper combinations was shown to 
be wastage, as another factor was limiting to the excessive one. Moreover, when 
the Ti02 level was relatively in excess to the amount of UV supplied, enhancement in 
R.E. was hindered because the surplus TiOi particles blocked or scattered part of the 
UV supplied and so the provided conditions were not utilized fully and effectively. 
On the other hand, when the level of UV was too high for the TiO� present, some of 
the UV was not captured by the TiO? particles and wasted, thus utilization was again 
not 100%. This explained why only increasing one of the factors further without 
adjusting the level of another would not always improve the R.E. significantly. 
5.4 Transmission electron microscopy (TEM) 
5.4.1 Morphological changes induced by PCO 
From the TEM images observed, PCO killed the bacteria by finally disintegrating the 
cells. But before total disintegration, it was believed that several mechanisms were 
simultaneously carried out to inactivate or damage the cells. 
From plate 4.4 (A), after 30 min of PCO when more than 3 log-reduction in the cell 
viability were achieved, the cell walls of the majority of the cells could still remain 
intact but only some crease appeared. Despite of this, the cytoplasm was observed 
to have some obvious structural changes. Ti02 particles sorbed onto the surface of 
the bacterial cells, forming •OH after the irradiation of UVsesnm- It was believed 
that these •OH firstly attacked the nearby outer membrane by oxidation, forming tiny 
pores which caused the crease formation. After that, •OH penetrated through the 
‘ thin peptidoglycan layer of the Gram-negative bacteria to reach the cytoplasmic 
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membrane where tiny pores were formed by lipid peroxidation (Maness et al.’ 1999). 
With the formation of such pores, •OH was able to enter the cytoplasm and started 
oxidizing the intracellular components. This was proposed to be the primary 
mechanism of PCO for the disinfection ability. However, further investigation was 
suggested to prove the formation of pores on the outer membrane and more 
importantly, the cytoplasmic membrane. Scanning electron microscopy (SEM) may 
be used for observing the outer membrane while confocal microscopy is possible for 
the cytoplasmic membrane. 
Once •OH reached the inside of the cells, a series of disorder was caused. As the 
•OH were highly oxidizing, the intracellular oxidative potential was changed which 
in turn hindered the normal functioning of some enzymes and disturbed biochemical 
redox, which included respiration. Moreover, membrane-bound respiratory 
enzymes were affected due to the damage of cell membrane (Maness et al” 1999) 
and direct oxidation of intracellular co-enzyme as proposed by Matsunaga et al. 
(1985； 1988). On the other hand, the membrane damage should cause the leakage 
of some intracellular components, which disturbed the normal setting of the cells and 
in turn caused cell disorders (Maness et al., 1999). 
With reference to the images observed at 60 min, it was clearly that the cell wall, 
together with the cytoplasmic membrane, were both partly disrupted. At this 
moment, it was sure that cell leakage had occurred and most cellular functions lost. 
At 90 min, when no more viability was observed, cell shape could no longer be 
recognized and remains were cell pieces resulted from the disintegration of the cell. 
Finally at 120 min, no cell debris could be seen. Mineralization (i.e. complete 
oxidation) should occur to clear up all organic components of the cells. 
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5.4.2 Comparisons with changes caused by UV-C irradiation and chlorination 
For the sample disinfected by UV-C (i.e., UV254 nm) irradiation, no obvious changes 
were observed. No cell wall damage or cytoplasmic changes were seen and thus, 
the major killing mechanism was not by oxidation. It agreed with the previous 
finding that the germicidal UV inactivate microorganisms by changing the DNA 
double helix structure and interfering with the DNA duplication, which in turn 
leading to cell mutation and lethality (Li et al.’ 2003). 
Comparing the morphological changes caused by chlorination, they were similar to 
those caused by PCO but to a severer extend. The whole cell wall had disappeared 
and the cytoplasm looked much different from the initial sample. 
5.5 Fatty acid profile analysis 
Gram-negative bacteria possess fatty acids in their cytoplasmic membrane and also 
outer membrane of the cell wall. Microbial fatty acids can be found in a variety of 
forms. In general, branched-chain fatty acids are characteristic of Gram-positive 
bacteria (Lechevalier, 1977) but Legionella was found to have large amounts of 
branched-chain fatty acids (Brenner et al, 1979). Moreover, the high abundance of 
branched-chain 16-carbon fatty acids, which was also found in the present study, was 
the major characteristic of the fatty acid profile of L. pneumophila (Moss et al.’ 1977， 
Brenner et al” 1979; Ehret et al” 1987). 
Experimental results showed that survivors from the PCO treatment had an obvious 
drop in the amount of the characteristic branched-chain 16-carbon fatty acids. It 
was believed that the surviving bacteria had adapted to the oxidizing environment by 
- changing their fatty acid composition in their cell wall outer membrane and 
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cytoplasmic membrane to achieve less fluid and more tightly packed barriers. As 
reported by previous studies, bacteria could alter their fatty acids so the membrane 
remains fluid, or in other situations, reduce fluidity to prevent the penetration of 
undesirable molecules in order to survive from temperature change or resisting 
various stresses including oxidation (Guerzoni et al, 2001; Li et al.’ 2002; Aricha et 
al,，2004). For examples, Escherichia coli varies the fluidity of its membrane by 
regulating the activity of a special desaturase that alters the ratio of saturated and 
unsaturated fatty acids; while ruminal bacteria have saturated fatty acids, but they 
can alter membrane fluidity by methylation. When the membrane fatty acids are 
methylated to branched-chain fatty acids, the phospholipids do not pack so tightly 
and fluidity increases (Guerzoni et al” 2001; Li et al.’ 2002; Aricha et al.’ 2004). 
Another possible reason could be that the branched-chain 16-carbon fatty acid was 
more susceptible to lipid peroxidation. Thus, some of this acid was oxidized during 
the PCO process and also to adapt the oxidizing environment, the bacteria had to 
reduce the amount of this fatty acid. In fact, unsaturated fatty acids are well known 
to be more easily than the saturated one to be peroxidized. However, the 
susceptibility of branched-chain and straight-chain fatty acids towards lipid 
peroxidation has not yet been widely studied. Thus, to support the proposal, further 
investigation is required. 
5.6 Total organic carbon (TOC) analysis 
E. conform by PCO in the aqueous medium was reported to be mineralized into 
carbon dioxide and water (Sun et al.，2003)，and the mineralization of bacterial cell 
mass was first reported on a TiOi photocatalytic surface in air by Jacoby and 
, co-workers (1998). As seen from the TEM image obtained after 120 min of PCO 
86 
treatment, no cell debris left and only the TiO! particles were observed. This 
indicated that mineralization should have occurred to clean up all the cellular organic 
substances that were initially present. However, for a quantitative analysis of the 
level of mineralization (i.e. complete oxidation), TOC measurements were performed. 
Since most organic compounds are insoluble in water, solid-phase analysis was 
carried out for the cell pellets. There was a sharp decrease in the TOC content 
reported after 45 min of PCO treatment when zero viability had been achieved. At 
this instant, there was still a small amount of organic carbon left. Total removal of 
all the TOC was reported 30 min later (i.e., after 75 min of PCO) which proved that 
the organic matter in the whole cells can be completely oxidized by photocatalysis. 
On the other hand,, the relatively long period of time (30 min) required for the 
removal of the small amounts of organic carbons left after zero viability probably 
implied that the remainings were some recalcitrant organic compounds (e.g. high 
molecular weight organic molecules). Along with this, the inorganic carbon (IC) 
content in the aqueous supernatant showed a small increase at 45 min and finally 
dropped back to the initial level. The initial small amount of IC can be due to the 
dissolution of atmospheric carbon dioxide while the intermediate small increase was 
probably because mineralization of the organic matter added up the amount of carbon 
dioxide but as the supernatant (about 9.8 mL obtained after the cell harvest from 10 
mL sample) was too dilute, the increase was so small. Preconcentration should be 
done before IC measurement in aqueous phase when further investigation is carried 
out. However, for a better understanding of the fate of organic carbons,(�C 
radioisotope labeling can be used (Jacoby et al.’ 1998). 
In fact, the occurrence of mineralization makes the reuse of the photocatalysts easier. 
‘ Although in the aqueous stream, any remaining dead cells or damaged cells can be 
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washed off the catalyst surface, the procedure increased the cost of the water 
treatment. Moreover, in the air-phase system, the dead cells have the potential to 
accumulate and block the active surface. Thus, mineralization is important for the 
self-cleaning of the photocatalytic surface for air disinfection. 
5.7 Comparisons of the three disinfection methods 
From the results obtained by using UV254 nm irradiation, it showed that the major 
advantage of using this method over the PCO treatment was the treatment time and 
ease of application. Using a similar level of UV (both about 150 |iW/cm^) it need 
only 15 min but PCO needed about 100 min for 7 log-reduction of the cell viability. 
However, using UV-C irradiation method, the depth of the reaction mixture seems to 
be more affecting. Increasing the depth from 1.5 to 3.8 cm, the treatment time had 
to increase from 15 to 25 min, in this way, the time increment was relatively large. 
With reference to the PCO optimization section, increasing the depth from 1.5 to 3.8 
cm, the R.E. only decreased for less than 1 log-reduction in 60 min, in which the 
effect was relatively less important. UV-C has limited penetration (Madigan et al, 
2003) and it cannot travel through glass and thus, quartz containers may be required 
if the reactant is not directly exposed to the UV-C (Lin et al , 1998). This increases 
the installation cost. Moreover, from the results obtained using a depth of 3.8 cm, 
there was rebound of the cell viability. UV-C is mutagenic (Madigan et al., 2003) 
and it may cause mutation (to become UV-C-resistant) and then regrowth in the cells 
if there is inadequate of the UV-C reaching the cell due to the penetration problem. 
From the TEM micrographs, UV-C caused inactivation instead of killing (like that 
caused by PCO), the cells inactivated may also have the chance to mutate and regrow 
. after treatment, although all these saying about mutation needs further investigation. 
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Finally, but importantly, safety problem is a major concern for using UV-C due to its 
proven mutagenicity to mammals (Madigan et al” 2003). Apart from this, there 
was also a strong unpleasant ozone smell given out after the turning on of the UV-C 
lamp for only a short period of time. As ozone is harmful to human (Kim et al” 
2002; Madigan et al., 2003)，closed treatment with ozone removal should be needed. 
Installation cost as well as the operational cost will certainly increase in order to 
provide a safe environment for the use of this method. 
As Legionella is reported to be more chlorine-resistant than other bacteria (Kuchta et 
aL, 1993)，hyperchlorination (> 1 mg/L of free chlorine) was required for 
disinfection. In this study, 1 and 2 mg/L of free chlorine, as recommended by CDC, 
were tested. It was found that 1 mg/L was not effective to remove all the cell 
viability (from initial 10^  cfu/mL) in 60 min, but when doubling the chlorine 
concentration, zero-viability was achieved in 30 min. Similar to the UV-C method, 
time and ease of application were the major advantages of chlorination. Besides, 
the cost of installation and operation was low and there could be residual disinfection 
activity during water distribution (Lin et al” 1998; Kim et al., 2002). 
However, safety concern is again the major disadvantage of using hyperchlorination. 
There is generation of carcinogenic by-products, trihalomethanes, when residual 
chlorine reacts with organic materials in the water (Sun et al” 2003; Ashbolt, 2004). 
With the application of a safe level (several mg/L) of chlorine, it can only suppress 
and inactivate the cells and thus recolonization was sometimes reported (Lin et al” 
1998; Kim et al., 2002). Moreover, the residual chlorine is corrosive to the water 
pipes (Lin et al.，1998). 
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The PCO method, although needed a longer time and more complicated than the 
above two methods, is safe and clean without the generation of harmful by-products, 
it is better for treating drinking water. Moreover, the process can kill and 
mineralize all the organic compounds at the same time, without the need for 
subsequent separation of dead bodies of the treated cells. If sunlight can be used, 
cost of operation will be greatly reduced. 
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6. Conclusion 
Legionella pneumophila poses the risk of causing pneumonia-like Legionnaires' 
disease or milder, Pontiac fever in susceptible humans who have inhaled the 
bacteria-containing aerosols or aspirated contaminated water. Although the rate of 
infection is relatively low, a certain number of cases was reported worldwide every 
year. It is urged to find an effective way to deal with this problem. Photocatalytic 
oxidation (PCO) has been widely proven to be a cost-effective alternative to degrade 
and even mineralize a broad range of organic pollutants in both water and air. Other 
than this, it has also been studied on the killing or inactivation of different bacterial 
species and results showed that it could be a feasible disinfection alternative in either 
the aqueous medium or in air. Therefore, in the present study, PCO was employed 
to reduce the cell viability of four L pneumophila serogroup 1 strains (Strain 977， 
Strain 1009，Strain 1014 and ATCC 33153) collected from different origins. 
Preliminary PCO tests showed that it is efficacious to inactivate or kill the ATCC 
strain selected, resulting in a 4.5 log-reduction of the cell viability in 90 min under 
1,000 mg/L of Ti02 and 108 |iW/cm^ of UV365 nm. Among the four selected strains, 
PCO sensitivity was tested and differences were found among them, especially 
between local strains and the ATCC strain: higher sensitivity towards the PCO 
treatment was observed in the local strains. 
To maximize the cost-effectiveness of the PCO treatment, optimization of the 
treatment conditions was required. The optimal physicochemical conditions for 
both the most susceptible (Strain 1014) and resistant strain (ATCC 33153) were the 
‘same, except the treatment time was longer in the latter for total viability removal: 
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10)7 cfu/mL of initial cell concentration, 200 mg/L of TiO!，165 |iW/cm^ ofUVsesnm, 
200 rpm of stirring rate，with 1.5 cm of depth of the reaction mixture for the UVsesnm, 
at original pH 5.8，for 90 and 105 min respectively to achieved zero bacterial 
viability. 
It is also important to understand the mechanism(s) of PCO to achieve the 
disinfection in order to find ways to enhance the cost-effectiveness further more. 
By using transmission electron microscopy (TEM), more about the killing or 
inactivation mechanism(s) were known. After the sorption of the Ti02 
photocatalysts onto the cell surface and irradiated by the UV365 nm, hydroxyl radicals 
(•OH) were generated to start the oxidation. The primary mechanism was the lipid 
peroxidation of the cell wall outer membrane and cytoplasmic membrane to lead to 
the entry of the •OH into the cells, causing a series of disorders to the cell by 
oxidizing the intracellular components. The cell wall was gradually disrupted and 
finally disintegration of the whole cell happened which proved that the cells were 
killed rather than just being inactivated. Then, all the organic matters from the cells 
were cleared up and mineralization was believed to had occurred. 
As the PCO worked on the lipid peroxidation of membranes, and that the surviving 
colonies looked duller than the original, fatty acid profile analysis was performed to 
investigate whether there was change in the membrane fatty acid composition. It 
was found that the amount of saturated, branched-chain 16-carbon fatty acid had 
decreased in the surviving population from the PCO. Moreover, it was also found 
that more susceptible strain had more this fatty acid. The possible reason was that 
less branched-chain fatty acid can make the outer membrane and cell membrane 
-more compacted and less fluid, in turn decreasing the entry of undesirable molecules, 
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including the •OH into the cells. 
Mineralization by PCO was proven by the TEM results. If mineralization occurs, 
the reuse of the photocatalysts will be much easier without the need to be washed 
after use. Experimental results showed that all the organic compounds disappeared 
after prolonged PCO treatment (i.e. further after zero viability was achieved). This 
proved PCO mineralization, which would facilitate the application on both water and 
air purification and disinfection. 
To assess the pros and cons of the PCO disinfection method, the optimized PCO 
treatment was compared with two other conventional methods, UV254 nm irradiation 
and hyperchlorination. PCO treatment, although need relatively longer period of 
time than the others, it possesses some unique advantages: it is safe and clean 
without the generation of harmful by-products; resources used are reusable (i.e., TiO]) 
and renewable if the energy source can be replaced by sunlight; and that many 
parameters can be adjusted and optimized to enhance the R.E. 
The final goal of this study is undoubtedly the application of PCO process in real 
treatment system. Prior to applying this process as real treatment system, many 
problems should be considered. The presence of organic compounds will use up 
some of the •OH generated from PCO; and inorganic ions may exert different effects 
on the treatment efficiency. Legionella species associated with amoeba and biofilm 
are more resistant to disinfection. Secondly, the reactor design is critical as 
observed from the experimental results, different geometry of the reaction container 
significantly affected the R.E. In real application, some reflecting design may be 
‘needed to fully utilize the UV energy which contributes the most of the operational 
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cost. Last but not least, the large volume but low bacterial concentration of the 
contaminated water in the industrial scale may need preconcentration before PCO, 
but this in turn arises the safety problem as the bacteria are pathogenic. For 
controlling the growth of Legionella in the water towers in a more practical way, the 
preventive measure rather than treatment should be taken, that is to disinfect the 
water at the inlet rather than at the exit. As the number of the bacteria is still low in 
the water before it entering the towers, control should be easier and the PCO 
disinfection process can be completed faster and perhaps with lower TiO: 
concentration and lower UV intensity. Moreover, PCO using UV 254 nm to replaced 
UV 365 nm caii also be used as a combinational method to speed up the disinfection 
process. To avoid the separation problem, TiO: can be immobilized in some 
honeycomb-like filters (with holes enough for the passage of water streams) and that 
the UV irradiation is applied directly onto these filters in close proximity. 
Sunlight and visible light, which have already been studied for their application in 
the PCO of organic pollutants in wastewater, can possibly replace the UV of 
wavelength 365 nm. Solar energy is a free, renewable energy source. Utilization 
of natural sunlight in contaminated water treatment system is surely an 
environmental friendly method but the efficiency and effectiveness of it should be 
taken into consideration first. Apart from the energy source, different photo 
catalysts other than TiO! can be used. Recently, electric-field enhancement on the 
PCO process is being studied. All these will bring the PCO disinfection to the 
practical use with a more successful outcome. 
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Appendix 
Table Al Identification of fatty acids for corresponding peaks showed in the 
GC-MS chromatogram of external standard and samples. 
Retention time of peak (min) Identification of fatty acid 
5.14 (of standard) Saturated C14 straight-chain 
6.40 (of standard) Saturated C15 straight-chain 
7.2 (of samples) Saturated CI 6 branched-chain 
7.4 (of samples) Monounsaturated CI6 straight-chain 
7.54 (of standard) Monounsaturated C16 straight-chain 
7.79 (of standard) Saturated C16 straight-chain 
8,8 (of samples) Saturated CI 7 branched-chain 
9.32 (of standard) Saturated C17 straight-chain 
10.88 (of standard) Saturated C18 straight-chain 
12.46 (of standard) Saturated C19 straight-chain 
14.03 (of standard) Saturated C20 straight-chain 
15.58 (of standard) Saturated C21 straight-chain 
17.09 (of standard) Saturated C22 straight-chain 
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Figure Al The GC-MS chromatogram of the external standard with carbon-13 to 
carbon-22 saturated straight-chain fatty acids with trans CI6:1 monounsaturated fatty 
-acid. 113 
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Figure A2 The GC-MS chromatogram of BCYEa agar (A), L. pneumophila 
serogroup 1 ATCC 33153 before PCO (B) and survivors from PCO treatment (C). 
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Figure A3 The GC-MS chromatogram of PCO dark control (A), Ti02-control (B) 
and negative control (C) of L pneumophila serogroup 1 ATCC 33153. 
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Figure A4 The GC-MS chromatogram of the original L. pneumophila serogroup 1 
ATCC 33153 (A), Strains 1014 (B), 1009 (C) and 977 (D). 116 
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Figure A5 The GC-MS chromatogram of the survivors from UV-C treatment of the 
L. pneumophila serogroup 1 ATCC 33153. 
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